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ABSTRACT 

Fears,  Pulton  Keller^  Ph.  Doj  Purdue  University,  January,  1957» 
A  Study  pf  the  Air^Void  Characteristics  of  Hardened  gfinereteo  Ka josr" 
Professor:  Kb  Bo  ^'oodso 

The  theory  of  tha  action  of  entrained  air  in  producing  froHt-- 
resistant  concrete  demonstj^ates  the  iszportance  of  the  size  and  distri^ 
bution  of  the  air  voids  in  the  portland-^emsnt  paste o  In  this  investi- 
gation the  linear  traverse  techniqi^  was  used  to  determine  the  air=-void 
characteristics  of  hardened  coneretOo  The  characteristics  investigated 
were:  (a)  Air  content,  total  volume  of  voids  per  unit  volume  of  con- 
crete; (b)  Kuaaber  of  voids  intersected  per  unit  length  of  traverse? 
(c)  The  speeixle  surface  of  the  air  voids,  the  sxjrface  area  of  the  voids 
per  \mit  volume  of  airj  (d)  Number  of  hypothetical  spheres  of  equal 
radius  having  the  same  volunse  of  air  per  unit  volume  of  concrete  and  the 
same  specific  surface  as  the  actiml  system  of  randotn  sized  voids;  and 
(e)  Spacing  factor,  distance  fron  void  boundary  to  outer  boundary  of 
sphere  of  influeneeo  To  compute  the  void=3pacing  factor  for  the  hypo= 
thstical  void  system  each  sphere  is  considered  to  be  at  the  center  of  a 
cube  with  the  suq  of  the  volumes  of  ail  such  cubes  and  the  enclosed 
spheres  equaling  the  eonibined  aii*  and  paste  content  of  th©  coneretso 
The  sphere  of  influence  of  each  void  is  the  radius  of  the  sphere  circtun= 
scribing  the  hypothetical  cubeo  The  air  content  and  the  ntanber  of  voids 
per  unit  length  of  traverse  were  laeasured  directlyo  The  remaining  char=> 
acteristics  were  confuted  from  these  two  measureiEsnts  with  the  paste 
content  being  introduced  in  the  eonqnxtation  of  the  spacing  factcro 

Statistical  mathods  were  applied  to  the  study  of  the  variability  of 
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the  air  content  and  number  of  voids  per  ineh  within  a  concrete  beam 
3  X  4  X  16  incheso  The  analysis  showed  that  the  measureioent  of  these 
characteristics  for  a  particular  beam  way  be  considered  as  one  long  tra^^ 
verse  without  regard  to  the  position  or  length  of  the  individual  tra= 
versese  To  determine  the  air  content  within  tOo5  percent  of  the  true 
value  at  the  90  percent  scnfidenea  level  a  total  length  of  travei^ses  of 
200  inches  is  euggestedo 

Forty  cores  taken  from  a  concrete  pavement  were  exandnedo  The 
study  of  the  variability  of  the  air  content  and  number  of  voids  per  ineh 
as  shown  by  these  cores  suggests  that  for  the  sampling  of  pavemantSe 
cores  be  taken  at  random  along  the  stretch  of  pavement  and  s^asurements 
made  on  one  surface  of  each  ecreo 

Thi3?ty=eight  beams  from  ninsteen  mixes  were  used  to  study  the  cos*^ 
relation  between  each  of  the  five  air=void  characteristics  and  durabilityo 
These  beams  had  shown  varying  dsg3?ees  of  durability  as  measured  by  resi8= 
tance  to  deterioration  in  laboratory  freezing  and  thawing  testso  Dura^ 
bility  factors  were  used  to  express  the  dxu^bility  of  each  of  ttese  beamso 
The   five  air=void  characteristics  ranked  in  the  order  of  their  eorr8la«= 
tion  with  durability  beginning  with  the  one  showing  the  best  correlation 
are:  (1)  spacing  factor,  (2)  specific  surface,  (3)  number  of  voids 
per  ineh,  (4)  hypothetieal  number  of  voids  per  cubic  inch,  and  (5)  total 
air  contento 

The  spacing  factor  and  the  specific  surface  were  found  to  be  of 
almost  equal  importance  in  producing  durable  concreteo  Hence,  either  of 
these  two  characteristics  nay  be  used  as  a  criterion  for  determining  the 
air  requirements  for  frost-resistant  concretso 
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INTRODUCTION 

Numerous  investigators  have  reported  (k,   5s  7,  10^  11,  14»  ISs  24* 
32}  laboratory  studies  showing  increases  in  drasibility  and  resistance 
to  scaling  »M.ch  result  from  entraining  air  in  the  concrete  mlxo 
Several  of  these  studies  (4,  5,  7,  H)  show-tliat  the  durability  of  con-= 
erete  siade  vith  poor  aggregates  is  st^etinies  greatly  increased  b^  air 
entrainmento  Andrews'  report  (3)  of  the  performance  of  concrete  test 
roads  in  the  northeastern  states  built  %d.th  a  vide  range  of  variables 
shows  a  coaparison  of  the  field  perfonnance  of  air=«ntr6dned  coo'srote 
with  adjacent  sections  of  the  sams  construction  but  without  air  9ntpain= 
mento  The  report  shows  that  hi^  resistance  to  the  severe  exposure  of 
repeated  eyeles  of  freezing  and  thawing  and  salt  action  in  ies  rtjinoval 
has  been  given  to  these  concrete  pavements  over  a  period  of  ten  to  fous*^ 
teen  years  by  air  entrairaaente  Jackson  (12)  and  Gonneman  (10)  report 
that  the  performance  under  service  conditions  of  experisisntal  pairing 
projects  constructed  with  air^entrained  portland  cement  parallels  the 
results  of  the  laboratory  studies©  Thus  the  superior  performance  in 
general  of  air=entrained  concrete  has  been  demonstrated  in  both  ihe 
field  and  the  laboratory* 

PttPPOse  and  Scope  of  ^ti^chT 
Reports  of  research  on  air  entrainment  deal  prineijaU^  with  fac= 
tors  which  control  the  amotrnt  of  air  or  with  changes  in  properties  of 
the  conez>ete  related  to  changes  in  the  gross  amount  of  alro  However, 
theoretical  and  practical  considerations  suggest  that  the  properties  of 
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the  air  voids  themselves  are  in^jortant  factors  influencing  the  ability 
of  concrete  to  withstand  freezing  and  thawing  conditions  (15,  18,  19, 
20,  21), 

Considerable  research  on  the  effect  of  air  entrairanent  on  the  dura= 
bility  of  eonerete  beanis  as  msasured  hy  resistance  to  deterioration 
under  repeated  cycles  of  freezing  and  thawing  has  been  performed  in  the 
laboratories  of  the  Joint  Highxfay  Research  Project  at  Ptirdue  Uni^rersityo 
The  studies  reported  by  Blackburn  (5)  and  Bugg  (?)  show  increases  in  the 
laboratory  durability  of  air=>entrained  concrete  made  vdth  limestone 
aggregates  whieh  have  poor  to  fair  field  service  records  over  concrete 
made  vdth  the  saase  materials  but  without  the  inclusion  of  airo 

Subsequent  studies  of  the  effect  of  air  entrainment  on  the  dura- 
bility of  concrete  made  vdth  aggregates  with  poor  to  fair  field  perfor- 
mance records  have  sho^m  at  times  considerable  differences  in  durability 
between  beans  flrom  the  sajxis  mx.  and  between  mixes  using  the  same  mater^ 
ials  and  which  have  the  same  total  air  content  as  determined  by  raeasus«= 
msnts  on  the  fresh  conerateo  Hence,  this  study  was  initiated  to  deter= 
nine  which  property  of  the  air  voids  is  most  significant  in  producing 
durable  concrete  and  to  what  extent  these  differenees  in  durability  bQ= 
tween  beams  fabricated  from  the  same  materials  under  sijsilar  conditions 
can  be  eacplained  by  differences  in  the  ai3P=»void  eharacteri8tl©s  of  the 
beamso  The  air^^void  characteristics  either  measured  or  calculated  weres 
(a)  total  air  content,  (b)  number  of  voids  intersected  per  inch^ 
(c)  spseific  surface ,  (d)  hypothetical  number  of  voids  per  cubic  ineh, 
and  (e)  void  spacing  factoro 

mie  investigation  vi&s   divided  into  three  phaseso  In  the  first 
phase  of  the  work,  beams  made  in  the  laboratory  were  examined  for  the 
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purpose  of  developing  the  techniques  to  be  followed  in  the  study  of  the 
aix^void  characteristics o  In  the  second  phase  cores  taken  from  two  con-' 
Crete  pavements  were  examined  for  the  purpose  of  studying  the  variability 
of  the  air  content  of  pavementso  In  the  third  phase  laboratory=fabricated 
beams  which  had  shown  unexplained  differences  in  durability  as  measured 
by  resistance  to  deteriosration  in  freezing  and  thawing  tests  were  stup- 
died  for  the  purpose  of  providing  a  possible  explanation  for  these  ob= 
served  differenceso 

The  cores  examined  in  the  second  phase  of  the  study  came  from  con<- 
Crete  pavements  which  were  constraeted  without  the  purposeful.  entrain= 
ment  of  airo  One-=half  the  cores  came  from  a  pavensnt  in  which  a  lime^- 
stone  aggregate  with  a  poor  field  performance  record  was  usedo  The 
remainder  of  the  cores  were  taken  from  a  pavement  in  which  a  gravel 
aggregate  with  a  good  field  performance  record  was  usedo  The  reason 
for  choosing  these  pavements  was  to  detezmne  to  what  extent ,  if  any, 
this  difference  in  field  performance  cotild  be  attributed  to  a  difference 
in  air-void  characteristics  resulting  froan  the  accidental  entrapment  of 
air  in  the  concrete  mixo     ' 

Survey  of  literature 
The  literature  concerning  the  effects  of  air  entrainment  on  eon<= 
Crete  strength,  workability,  permeability,  and  durability  is  voluminouso 
In  this  section,  the  literature  pertinent  to  the  theories  of  the  action 
of  the  air  voids  in  producing  durable  concrete  and  the  meastirement  of 
the  air=-void  characteristics  of  hardened  concrete  is  r©vi«wedo 

Theory 
Bntrained  air  ivppears  to  exist  in  the  form  of  smedl,  disconnected 
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air  bubbles  distributed  throu^out  the  concirete  pasta  (26)  o  llie  natural 
voids  found  in  concrete  made  \idthout  an  air=«ntraining  agent  vary  con'- 
siderable  among  different  mixes  but  are  generally  larger  than  the  bub" 
bles  produced  by  air  entrainment  (21) o  These  natiaral  voids  result  from 
the  entrapping  of  air  in  the  concrete  mixo  In  air=ontrained  conci^ete 
the  composite  systen  of  voids  is  a  combination  of  the  natural  voids  and 
air=sntrained  bubbleso  Warren  (29)  found  that  the  average  diameter  of 
the  voids  for  a  series  of  air=entrainsd  mixes  varied  from  O0O4  milli= 
meter  to  OelO  millimetero 

Powers  and  Helnuth  (18,  20)  explain  the  freezing  of  water  in  har- 
dened portland-^cement  paste  in  terms  of  two  mechanisms:  (a)  the  genera- 
tion  of  hydraulic  pressure  as  water  freesea  in  capillary  cavities ,,  and 
(b)  the  growth  of  bodies  of  i«se  in  the  eapillary  cavities  or  air  voids 
by  diffusion  of  water  from  the  gel  poreso  A  brief  review  of  these  two 
mechanisms  followso 

Hardened  portland^sement  paste  is  BB,de  up  of  esctremely  tiny  spheres 
linked  together  to  fonn  the  cohe8i\'e  mass  called  cement  gelo  When  th@ 
cement  gel  eoB9>letely  fills  the  space  available  to  it  the  porosity  of 
the  paste  is  about  25  persento  In  most  pastes  the  volume  of  the  gel 
does  not  equal  the  apparent  volumoo  The  tmfilled  space  in  the  paste 
occurs  as  cavities  i^^ch  are  called  capillary  poreso  The  gel  pores  are 
the  interstitial  spaces  among  the  massed  spheres  vhLeh  surround  the 
cavitieso 

The  gel  pores  are  so  small  that  water  cannot  freeze  in  them  at 
ordinary  temperatures o  Thus^  at  these  tea^peratures,  the  eapillary 
pores  or  cavities  are  the  only  places  where  ice  can  esdst  within  the 
boundaries  of  the  pasteo  However,  the  capillary  pores  are  also  so 
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snail  that  the  ice  cxyatals  v;hieh  they  contain  can  exist  only  when  the 
temperature  is  below  the  nornal  freezing  pointo  Air  voids  such  as  those 
in  aip^entrained  c<Hicrete  are  extrenjely  large  compared  with  the  capillary 
pores  and  gel  pores  in  the  paste© 

In  a  water=soaked  paste  the  capillary  pores  and  the  gel  pores  are 
full,  or  nearly  full.,  of  T*atero  l-ilhen  the  vra.ter  in  a  saturated  capillary 
pore  begins  to  change  to  ics  the  voluise  of  the  water  plus  ice  -udll  ®x= 
ceed  the  original  eapacity  of  the  ca^tyo  This   eosnes  about  because  one 
cubic  centimeter  of  Vj-ater  ©Qcupies  about  lo09  cubic  centimeters  of  space 
after  freezings  BiereforSj  during  the  time  the  >rater  is  changing  t© 
icsg  the  cavity  must  dilate  or  the  excess  -water  nnist  be  expelled  from 
ito  Although  the  coefficient  of  peKneability  of  the  cement  gel  is  ex'^- 
tremely  low  there  is  the  possibiSAty  that  the  excess  v/ater  can  escape 
from  the  eairity  during  fi^ezinge  The  growing  ice  body  in  the  capillary 
cavity  may  be  considered  as  a  sort  of  pung>  forcing  water  through  the 
cement  gel  toward  an  air=void  boimdaryo  Such  a  punsping  action  involves 
the  generation  of  pressureo  In  general^  during  the  process  of  freezingj, 
hydrauli©  pressure  idJl  exist  throu^out  the  paste  ^  and  this  pressure 
will  be  higher  the  farther  the  point  in  question  from  the  nearest  air= 
void  boundary..  By  reducing  the  distance  between  voids  to  the  point 
where  the  protected  shells  surrounding  air  voids  overlap,  the  generation 
of  disruptive  hydraulic  pressure  during  the  freezing  of  water  in  the 
capillaries  can  be  preventedo 

■Rie  generation  of  hydraulic  pressure  through  the  above  mechanism 
does  not  account  for  all  the  phenomena  that  accompanies  freezing© 
Powers  and  Kelmuth  (20)  suggest  that  part  of  the  effect  of  freezing  is 
due  to  the  tendency  of  ndcroscopie  bodies  of  ice  to  grow  by  diffusion 


of  water  from  the  gel  pores  to  the  capillary  cavities,  producing  expan- 
siono  This  may  occur  at  any  temperatuare  below  the  temperature  at  ndiich 
the  ice  in  a  cavity  was  f  ozmedo 

The  functions  of  the  entrained-air  voids  are  (a)  to  limit  the 
hydraulic  pressiira  in  the  paste  during  the  initial  stages  of  freeaingj 
and  (b)  to  lindt  or  prevent  the  growth  of  nderoscopic  bodies  of  ice  in 
the  paste  while  the  tesgierature  is  below  the  noraal  freezing  pointo 
Powers  (19)  has  derived  a  forimila  from  which  can  be  calculated  the  theo= 
retical  nsxijaHn  distance  from  any  point  in  the  paste  to  an  air=paste 
interface  which  can  occur  tfdthout  disruptive  hjrdraulic  pressure  being 
generatedo  For  this  void  spacing  factor  t?.e  has  suggested  an  upper  limit 
of  OoOl  inehc  This  valxie  he  also  considers  satisfactory  for  the  prevent- 
tion  of  daiaage  due  to  the  growth  of  ice  bodieso 

Powers  (19)  has  derived  an  equation ,,  based  on  measurements  of  air=- 
void  characteristics  of  hardened  concrete  made  by  the  linear  traverse 
mgthod,  for  a  spacing  factor  which  may  be  used  to  characterize  the  bub- 
ble system  of  a  specific  sample  of  eonereteo  This  spacing  factor  is 
applied  to  a  hypothetical  bubble  syst^a  n^ich  has  the  same  total  volume 
and  surface  area  of  bubbles  as  the  actual  system  but  which  differs  radi= 
caliy  in  the  total  musibsr  of  bubbles©  In  the  derivation  of  this  spacing 
factor  the  assumption  is  made  that  the  aerated  paste  volume  is  divided 
into  contirmous  cubes  of  equal  size^  and  that  each  cube  contains  one  air 
bubble  so  placed  that  the  bubble  and  cube  centers  eoineidso  The  spacing 
factor  is  then  the  distance  from  a  comer  of  the  ©ubs  to  the  sui»face  of 
the  bubble  measured  along  a  diagonals 

Warren  (29)  has  presented  a  technique  by  which  it  is  possible  to 
determine  the  characteristics  of  air  voids  in  concrete  by  means  of  the 
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plane=intercept  jESthodo  This  pyocedur®  gives  the  true  number  of  bubbles 
in  the  paste j,  and,  hence,  a  true  average  void  spacing  factoro 

Lord  and  Willis  (1?)  have  also  presented  a  procedure  by  iidiich  the 
true  number  of  bubbles  in  the  paste  loay  be  ccaaputed  using  a  linear  tra° 
verseo  However,  to  obtain  the  true  number  of  bubbles  by  using  the  linear 
traverse  technique  it  is  necessajy  to  measure  the  length  of  the  indivi^- 
dual  ehord  intereeptso 

The  Linear  Trav^erse  Technique 

Lincoln  and  Rietz  (16)  in  an  article  in  Eco;ncanic  Geology  in  1913 
reviewed  the  development  of  the  mensuration  methods  used  in  the  measxire^" 
ments  of  the  minerals  in  a  rock*  They  report  that  the  first  mensuration 
method  to  wake   use  of  physieal  measurements  was  the  areal  method  of 
Delesse  in  lS48o  Delesse  applied  a  transparent  sheet  of  paper  of  gold- 
beaters' skin  to  the  polished  or  nearly  plane  surface  of  a  roek  and 
traced  upon  it  the  outline  of  the  various  mineral  grains o  The  sketeh 
vras  then  tinted  so  that  the  various  minerals  @oiald  be  identified,  and 
the  sheet  pasted  vdth  soluble  gura  to  a  piece  of  tin  foilo  Tte  fariously 
tinted  surfaces  with  their  adhering  tin  foil  were  next  eut  apart  and 
grouped  according  to  their  colors j,  the  paper  washed  away,  the  tin  foil 
parti@les  in  each  group  weighed,  and  the  percentages  of  the  various 
mineral  compounds  of  the  ro@k  computed  directly  from  these  weightso 

The  linear  mensuration  method  was  devised  by  Rosivral  (23)  in  1898o 
It  consisted  of  meastudng  the  intereepted  lei^hs  of  grains  along  a  line 
or  series  of  lines  and  calculating  the  percentage  by  volume  by  dividing 
the  total  distance  into  the  sum  of  the  intercepts  for  each  eonqponento 
Roslwal  presented  a  proof  by  calculus  to  show  that  intercepts  on  lines 
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are  proportional  to  voluiaeso  Lincoln  and  Rietz  (16)  presented  an  alter- 
nate geometrical  p2K>ofe  The  Rosiwal  rasthod  as  applied  to  the  determina^ 
tion  of  the  percentages  of  uiinerals  in  a  rock  was  carefiilSy  studied  by 
Johannsen  and  Stephenson  (13) o 

Shand  (25)  developed  a  recording  micrometer  which  served  both  to 
make  the  measxsrements  and  to  add  the  resulting  figures  and  which  was 
used  to  deteznine  the  mineral  composition  of  rocks  as  revealed  by  the 
adcroscope  in  thin  sectionso  An  importa.nt   defect  in  the  apparatus  de^ 
vised  hy  Shand  was  that  it  could  be  used  to  measure  but  two  sonsti^ 
ttients  at  one  tinj8="'any  one  mineral  and  the  remainder  of  the  ro-sko 
Wentworth  (30)  ingjroved  on  the  recording  ndcroffieter  by  developing  an 
accessory  stage  wheretiy  separate  laicrometers  accxsnulated  interaspts  for 
assigned  minerals^ 

The  ntethods  which  have  been  used  for  the  nieasureaient  of  air  in  har^ 
dened  concrete  have  been  based  on  the  procedures  followed  by  the  geolo- 
gists in  the  measiirement  of  minerals  in  rockso  Verbeek  (26)  rejiorted  a 
visiaal  method  for  detennining  the  amount  of  air  by  planiisetering  camera 
lucida  tracings  of  polished  sectionso  Warren  (29)  used  a  procedurs 
whereby  the  air  voids  exposed  by  a  polished  surface  were  filled  with  a 
fluo3?e8cent  material  and  photographed  under  ultra-violet  lighto  Msagui*©- 
laents  were  then  made  on  the  photographs  to  determine  the  air=>void  p&ra= 
meters©  Rexford  (22)  observed  thin  sections  of  the  concrete  past©  and 
made  the  aeasureaients  with  the  Wentworth  recording  mierometere 

Brown  and  Pierson  (6)  used  the  principle  of  the  Wentv;orth  record^ 
ing  micrometer  to  construct  a  meehanieal  integrator  of  special  design 
with  two  recording  motions-=on9  for  the  air  voids  and  one  for  the  solidso 
This  instrujaent  is  used  in  conjuction  ^-dth  a  binocular  nicposcopej 
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generally  working  at  3Ca:  to  45x  aagnificatione  The  iise  of  this  appara- 
tus permits  the  observation  of  surfaces  large  enou^  to  afford  true 
representation  of  aggregate  and  also  of  the  occasional  large  air  void 
that  occurs  in  practically  all  concretes.  TSie  binocular  microscope 
greatly  facilitates  the  perception  of  air  voidso  The  amount  of  work 
involved  in  the  preparation  of  the  specimen  surface  is  less  than  that 
required  by  the  other  msthodso  Therefore ,  equipment  and  procedures 
similar  to  those  recomsEended  Iqr  Brown  and  Pierson  were  used  in  this 
studyo 
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DEVELOPMENT  OF  TECHNIQUES  FOR  THE  DETERKENATION  OF 
AIR-VOID  CHARACTERISTICS  OF  HARDENED  CONCRETE 


The  apparatus  and  procaduz^  followed  in  the  detendnation  of  the 
air='Void  characteristics  of  hardened  concrete  are  similar  to  those  re-= 
ported  by  Brown  and  Pierscm  (6)0  A  visit  to  the  Research  and  Develop- 
ment I&boratories  of  the  Portland  Cement  Association  in  Chicago  was  made 
at  which  tixa©  Dr.  Brown  demonstrated  the  equipment  and  methods  being 
usedo 


I 


Linear  Traverse  Integrator 

The  apparatus  for  the  measurement  of  the  air  eontent  and  the  nipber 
of  voids  per  inch  is  shown  in  Figure  lo  Mto  Gerald  Mo  Batchelderp  while 
enqjloyed  as  a  Graduate  Research  Assistant  by  the  Joint  Highway  Research 
Project, prepared  the  detailed  draifings  and  supervised  the  construction  of 
the  linear  traverse  integratoro  In  the  description  which  follonfs  each 
part  is  referenced  to  Figure  1  by  means  of  a  letter*  in  parentheseso 

The  three  principal  parts  vrhich  make  up  the  linear  traverse  inte- 
gfator  are  the  grooved  base  plate  (A),  the  lower  front  and  back  rails  (B) 
to  which  the  middle  plate  (C)  is  attached,  and  the  upper  front  and  back 
rails  (D)  carrying  the  top  plate  (E)  on  ifdiieh  the  ccaierete  specimen  (F) 
is  placedo  The  lower  rails  tide  in  two  grooves  in  the  base  plateo  The 
front  groove  (G)  is  restangulAr  in  shape  while  the  back  groove  (H)  is 
V=shaped  to  aline  and  guide  the  railso 

The  main  lead  screw  (I)  is  attached  to  the  base  plate  by  two  bear- 
ing blocks  (J)o  At  the  right  end  i£  a  revolution  counter  (K)  which  is 
used  to  record  the  distance  traveled  by  the  lower  rails  and  middle 
plate  v^ch  represents  the  distance  across  the  solid  constituents  of  the 
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concreteo  Power  is  supplied  eifchei"  Bsanuaily  by  a  Icnurlad  wheel  (L)  or 
by  an  electric  motor  (M)  at  the  left  end  of  the  scrsBo  One  revolution 
of  the  main  lead  screw  produces  a  tenth  of  an  inch  of  translationo 

The  middle  plate,  to  which  the  lower  rails  are  attached,  carries 
the  top  plate  lead  screw  (N),  a  second  revolution  counter  (O),  and  a 
hand  wheel  (P)  for  controlling  the  movement  of  the  top  plate  relative 
to  the  middle  plate.  The  second  revolution  counter  is  used  to  record 
the  distance  across  the  air  voids  in  the  concreteo  One  revolution  of  the 
top  plate  lead  screw  produces  a  hundredth  of  an  inch  movement  of  the  top 
platso  A  ratchet  counter  (Q)  is  used  to  tally  the  number  of  air  voids 
encountered  in  a  traverse o 

A  binocular  mic.-oscope  (R)  is  used  with  3X  objective  lenses  and 
15X  eyepieces  to  produce  a  magnification  of  45  diameters o  Crosshairs 
intersecting  at  90  degrees  are  mounted  in  one  eyepiece  so  that  tha 
crosshairs  make  an  angle  of  45  degrees  with  a  line  in  the  direction  of 
movement  of  the  intarsectiono  A  spotlight-typs  microscope  lamp   (3)  is 
positioned  to  throw  a  beam  of  light  on  the  spscimen  at  a  low  angla  so 
that  the  shadows  facilitate  the  recognition  of  the  air  voids o 

In  using  the  linear  traverse  integrator  the  concrete  specimen  is 
moved  to  the  right  or  left  as  desired  by  means  of  the  main  lead  screw 
untilg  through  the  microscope,  the  observer  sees  an  air  void  coming  into 
the  field  of  vieWo  He  stops  the  motion  with  the  main  lead  screw  when 
the  intersection  of  the  crosshairs  is  at  the  edge  of  the  air  voido  He 
then  uses  the  hand  wheel  on  the  middle  plate  to  move  the  intersection  of 
the  crosshairs  to  the  onposite  edgs  of  the  air  void,  and  one  void  is 
tallied  on  the  ratchet  countero  Motion  is  resumed  with  the  main  lead 
screw  until  the  intersection  reaches  another  air  void  and  the  process 
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13 
is  repeatedo  A   aeaall  scale  is  used  to  measure  the  distance  from  the 
edge  of  the  top  plate  to  the  concrete  specimen  in  order  to  obtain  uni- 
formly spaced  traverses o 

The  distance  in  inches  across  the  solid  components  is  found  by 
dividing  by  ten  the  numbijr  of  revolutions  recorded  on  the  revolution 
counter  at  the  right  end  of  the  main  lead  screwo  The  distance  across 
the  air  voids  in  inches  is  obtained  by  dividing  by  one  hundred  the  read-' 
ing  on  the  second  revolution  countero  The  sua  of  the  two  distances 
gives  the  total  length  of  the  traverse »  The  distance  across  the  air 
voids  divided  by  the  total  length  of  the  traverse  is  an  estimate  of  the 
total  air  content  of  the  concrete <,  The  number  of  voids  per  inch  is  cora=- 
puted  by  dividing  the  total  number  of  voids  by  the  total  length  of  the 
traverse o 

Preparation  of  Surface  of  Concrete  Specimen 
Slabs  ar^proximately  one  inch  thick  were  cut  from  the  concrete 
specimens  by  means  of  the  masonry  saw  shown  in  Figure  2<,  A  Bet-~3utting 
steel  bond  diamond  blade  was  used  on  the  sano  The  size  of  the  beams 
from  which  the  slabs  ware  cut  was  3  x  4  x  16  inches o  First j  approxi= 
mately  three  inches  viers  r^soved  from  each  and  of  the  beamo  Then  longi- 
tudinal cuts  were  made  through  the  three-inch  dimension  to  produce  a 
one-inch  slab  from  the  center  portion  of  the  baamo  The  sawed  sarfacee, 
approximately  3  x  10  inches,  on  each  side  of  the  slab  were  used  for 
determining  the  air-void  characteristics  of  the  beamo  Modifications  in 
sav>ing  were  necessary  depending  on  the  degree  of  deterioration  of  th® 
individual  beam.  A  typical  beam  and  slab  are  sho?»n  in  Figure  2o 

For  the  sawing  of  slabs  from  concrete  cores  taken  from  pavemente 
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13 
the  Jig  shoTsn  in  Figure  2  was  designedo  This  jig  consista  of  four 
angles  attached  to  a  |--inch  steel  platQo  Tbo  notched  2  x  4"'inch  timbers 
were  used  to  support  the  core  with  four  g«=iach  Allen-head  screvjs  through 
the  angles  being  used  to  prevent  rotationo  When  a  cut  was  iiiada  on  one 
side  of  the  slab  the  outside  portion  of  the  core  was  removed  and  r©== 
placed  with  a  wooden  block  which  was  fitted  closely  to  the  newly  sawed 
surface  in  order  to  aid  in  holding  the  remainder  of  the  core  in  place 
while  the  final  cut  was  being  madSo 

The  same  procedure  was  followed  for  polishing  the  surfaces  of  the 
slabs  from  both  the  beams  and  coi-eso  The  initial  polishing  was  dona  on 
hard  plate  glass  24  inches  square  using  Grade  No.  100  altMinum  oxide 
power  for  concrete  made  with  gravel  aggregate  and  Grade  No,  180  with 
crushed  stone  aggregate^  Water  was  used  as  a  lubricating  and  dispersing 
medium  during  grinding  and  for  washing  the  polished  surface o  After 
twenty  minutes  •  of  polishingj,  the  surface  was  thoroughly  washed  using  a 
nozzl@  to  produce  a  pressure  to  aid  in  removing  the  grinding  powders 
from  the  voids c  The  washing  procedure  was  repeated  after  another 
twenty  minutes  of  polishingo 

The  above  procedure  was  then  repeated  using  Grade  Koo  240  alurainua 
oxide  powder  with  both  gravel  and  stone  aggregate  concrete o  Thus,  a 
total  of  eighty  minutes  was  spent  in  polishing  on  each  surface  with  two 
grades  of  grinding  powders o 

The  final  polishing  was  done  with  the  portable,  belt  sander  shown 
in  Figure  3o  The  wooden  Jig,  also  shown  in  Figure  3>  was  used  for  hold^ 
ing  the  slabs  In  place  while  the  polishing  was  being  donso  Silicon  cap= 
bide  abrasive  belts  Grit  No.  240  were  usedo  One  belt  was  used  to  polish 
two  surfaces  alternating  between  the  two  surfaces  so  that  a  total  of  ten 
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17 
ffllnutes  of  polif.hing  'jjas  done  on  eash  surface o 

This  procedure  pj'odaosd.  polishad  surfaces  on  which  the  voids  V8©re 
sharply  defined  and  measuren^nts  on  a  given  traverse  could  be  repaatod 
with  practically  the  game  rosult.  for  the  air  content  and  the  number  of 
voids  per  incho 

Position  and  Length  of  Traversa 

The  Roaiwal  method  of  datexitnining  the  percsntag®  by  volujiis  of  the 
constituents  of  a  BolJ.d  requiPas  that  a  random  liae  bs  passsd  through 
the  solido  This  principle  is   ajiplied  to  a  sample  ©f  concrete  by  first 
exposing  a  random  section  and  then  running  a  random  traverse  line  3ii 
the  plane  of  the  section »  In  the  actual  application  to  &  given  baaaa 
the  four  surfaces  of  the  beam  are  considei^ed  to  have  been  randomly 
selected  with  respect  to  the  concrete  mix  from  which  the  beam  was  madeo 

In  order  to  deter/aine  the  effect^  if  any,  of  the  position  of  the 
traverse  Tvithin  the  beam  an  investigation  of  the  variability  of  the  air- 
content  and  numbsr  of  voids  per  inch  v^ithin  tha  baasn  waa  aadeo  Also, 
the  effect  of  the  length  of  traverse  on  the  reliability  of  the  iaeaeure^. 
msnts  was  atadiado  For  this  investigation  two  beams  from  a  concrete 
mix  in  vjhich  an  aggregate  with  good  field  performance  and  laboratory 
records  was  used  were  selected  for  examinatiouo  Each  of  these  beams 
had  withstood  800  cycles  of  freezing  and  thawing  without  arty  loas  ia 
d^'namic  modsAlus  of  elasticity^. 

The  original  beam  diri?.en3ions  xi&fe   3  s:  4  x  16  inchsSo  Three  inchee 

were  removed  from  each  end  of  the  beams  by   sawingo  Then  three  cuts 

were  made  longitudinally  through  the  thrse-inch  dimension  so  that  four 
aiabo  approximately  3/.4-inch  thick  were  produced  from  each  beamc  Thro« 


la 


surfaces  fi'oai  each  beija  viere  poiLlshed  for  exanination  by  the  liBsar  tra- 
verse iatagratopr     The  three  surfaces  selscted  fos-  exair.inatioa  wsra 
those  'Which  could  be  considered  to  represent  throe  vertical  plaoies  spaced 
through  the  beam  ac  approxiraately  one-inch  iivtervalSo     These  planeg  are 
designated  1%  2',  and  3*   in  Figuj:'-3  4c. 

To  study  the  effect  of  using  traverses  of  different  lengths,  deter= 
rainations  of  the  air  content  and  the  number  of  voids  per  inch  were  made 
with  traverses  of  four  diff'^rent  ler-gthSo     Four  e'  ually  spaced  traverses 
were  measured  on  each  polished  su:rfaceo     Thus  the  tv/elve  traverses  in 
each  beam  could  be  considered  to  fall  vdthjjri  three  vertical  or  foiir 
horizontal  planes  as  ahovm  In  Fig-are  ii„ 

An  estimate  of  the  air  content  of  each  beam  -was  made  using  the 
first  four  inches  of  each  traverss  starting  at  the  rigfit  ec'ge  and  mov-- 
ing  ths  beaai  to  the  righto     The  value:3  for  c;ach  traverse  are  given  in 
Table  lo     Msg  given  :ln  Table  1  are  tlie  values  for  trayerss  lengths  of 
six,  eights  Si&d  ten  inches o     Table  2 "presents  aj-fdlar  results  for  tra- 
verses  starting  at  the  left  edge  and  moving  the  beam  to  the  left,. 
Tables  3  and  I,  presen'i  estrixjiates  of  ih'^  Kiimber  of  \^id3  per  inch  ob-=» 
tained  froa  the  same  ■^iravsr-seso 

Statistical  Analysis 
The  statistical  proceduTQ  known  a 3  the  "analysis  of  variance"  (9) 
for  testing  for  si.gnificant  diffojencea  among  tvro  or  more  aieans  was 
follcwed  to  determine  if  the  air  conteiit  and  iiiiEiber  of  voids  per  inch 
were  dependent  upon  the  position  of  tho  traverses  -with  respect  to  hori- 
zontci  or  vortical,  planes  mthin  the  bsaEu     Tne  analysis  in  based  on 
the  fact  that  if  nieaas  of  subgroups  are  greatly  different;,  the  variance 
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TABLE  1 

ARI  GOKT"^.KT  ESTBM'rJS  {p-iiliCEK'T)«=.lNI)IVIDUAL  TrtA¥EiiSES 
OF  DIFFEitltKT  Ll-^i\GTHS™KIGHT 


Length  of 
Traverses 
("inchea) 


Four 


Horizontal 
Planes 


1 
2 
3 
4 


Beam  I 


Beam  II 


Vertical  Planes 


3o47 
Oo99 
G-.75 
2„93 


2o68 

2:50 

2.99 
2,99 


3 


7o50 
3o23 
3.46 
2,50 


Vertical  Planes 

1      2     ,2 


6ol7 
2.98 
3o70 
5o94 


4o03 
0,74 
lc27 
2.,  75 


3,22 

5  00 

1,76 
2,75 


Six 


1 
2 
3 
4 


5o4? 
2o4i.^ 
3o50 
4o29 


4  c  13 
0-3-3 
2.15 

3ol7 


3,65 
3«31 
2o32 
3o65 


3ol7 
I083 
lcl7 

4ol3 


2,32 

4o29 

3ol? 
3o01 


6,23 

2  064 

3  c,  82 
2o00 


Sight 


1 
2 
3 

4 


3o99 

2023 
1 062 
4o35 


2  a  59 

3.94 
2.,?4 
2  c  62 


5o59 
3o26 
3o39 
3o91 


4o76 
2.74 

3o27 
5o47 


3..75   4.23 
2.99   5.90 

3o75   3  75 


Ten 


1 
2 

3 

4 


4ol0 
2^20 
3.00 

5ol9 


2.63 

3  c  47 
2.66 

2,51 


6,64 
3.-45 
3o29 
3oS6 


4c38 
2o8Q 
2o9'5 
4o73 


3.71 
3oOO 
I085 
3o29 


3  066 

5  c  47 

3-.  90 
3  c  68 


TABLE  2 

AIR  cont;:;nt  I'Stimatzs  (pi;;rceijt)=.=iiv'dividual  traverses 

OF  niFFEi-:r,NT  LENGTHS=.==Ll:'Pf 


Length  of 

Horizontal 
Planes 

Beam  I 

Beam 

II 

Traverses 
(Inches) 

Vertical  Planes 

Ver 

'tical  Plansf3 

1 

2 

3 -.22 

3 

1 

2 

3 

1 

?o24 

7o73 

2^75 

3o22 

3.70 

Four 

2 

3 

2..  74 
5o71 

2oOI 
lo51 

5.00 

3  =  23 

3.23 
2o50 

5.94 

1,0  27 

8.- 20 
5  94 

4 

5o94 

2o01 

6o40 

3oOO 

3o94 

4.03 

1 

4«34 

2o4S 

6.35 

3  c.  33 

3o50 

3.97 

Six 

2 
3 

2o85 
4o53 

3  c  32 

2o32 

3.82 
3o33 

2.68 
2o84 

4o36 

2..  36 

6.04 

5o31 

4 

6o35 

2ol5 

5oOO 

3c65 

3o50 

4. 36 

1 

3»a7 

2,23 

6.83 

3o51 

2o74 

4o23 

Eight 

2 

3 

2^50 

3o51 

3.51 
2o99 

3o51 

3o:L4 

3  oil 
2.74 

3.51 
2,01 

5.4? 

4.52 

4 

■5o66 

4.11 

5ol3 

,,  - 

1 

4olO 

2o63 

6o64 

4o38 

3o71. 

3.66 

Ten 

2 
3 

2c20 

3oOO 

3c47 
2o  66 

3o45 
3o29 

2o80 
2o98 

3oOO 
l.f?5 

5.47 
3.90 

4 

5oi9 

2...  51 

3  c  36 

4.73 

3o29 

3o68 

22 


TABLE  3 

ESTIMATES  OF  IlUl-IBER  OF  VOIDS  PElt  IhCH«»lNDIVIDUAL  TRAVSRSTilS 
OF  DIFFERENT  LENGTHS=-RIGHT 


Length  of 
Traverses 
(Inches) 


Planes 


Vorfcical  Planes 


Vertical  Planes 


Six 


Eight, 


Ten 


1 
2 
3 

L 

I 
2 
3 
U 

1 
2 
3 
k 

1 
2 

3 
4 


4ot. 

6.91 

5  05 

3.?3 

lo98 

4o50 

5o46 

4.98 

2,.  43 

5.75 

lo96- 

2o99 

7o92 

5o6S 

2c.  53 

3.27 

4.^47 

6,46 

6.75 

5-94 
5o96 

6.00 
5-45 

2o75 

3. 51 

4.31 

7o56 

3o9S 

2.5Cs 

4c45 

4.s28 

4.95 

2o81 

4o9a 

2.51 

-   '  - 

5c  67 

3.65 

ii.63 

5.52 

5,81 

5oll 

6-00 

2,66 

2ciV? 

3.94 

6.34 

5. ,3a 

■5^13 

4,9s 

2c.87 

4o43 

5ol5 

5.73 

^-  .■  /  '-' 

...  w> 

2.49 

r        ■ 

60O2 

3a\ 

4c  47 

5.^ 
4  •:-i 

5.35 

5.e-. 

2c  90 

5.11 

4o71 

2o99 

4c  02 

5n62 

5  060 

Ao30 

4o2fl 

3.20 

4.12 

6.36 

5o45 

2.S0 

4o40 

4  c  2a 

5o41 

5c  40 

5o70 

5ol7 

3o8S 

r-; 


TABLE  h 

iiSTBlATES  OF  MUMBiiR  OF  VOIDS  PER  INCH^INUIVIDUAL  TRAVERSES 
OJ?  DIFFSRHi'vi^i?  LEfJGTHwS^^LEFT 


Beam  I  Beasi  11 


Length  of 
Traverses 
(Inches) 

Horizontal 

Planes 

- — -—— - 

..„,™. 

'! 

:^: 

">"""=■—-- 

-'■> 

1 

2oc:io 

3.9? 

5o49 

6.00 

5.21 

7o41 

Four 

2 
3 

3.94 

3o98 

3o51 
3o03 

7.50 
4o-52 

7.70 
6.75 

6.^ 
2  0.53 

397 

4,20 

1 

2o.l8 

3o.U 

3^4^! 

5.?^^ 

/   ■'  '*■' 

-■7.06 

5ol 

6„00 

5.16 

7.12 

Six 

2 
3 

3.  IS 

3oC^^ 

3oa 

5o64 

■  -J 

6.53 
6o07 

5o'?D 
3.S7 

4^19 
4.1? 

;. 

4o6Q 

4.64 

4.1-^ 

A-.Jl 

4.00 

5  36 

1 

2o37 

3o84 

5..  22 

6.76 

4.30 

5.35 

Eight 

2 
3 

2o75 
3o  ;-il 

3.76 
4o23 

5.76 

6.34 
6oS5 

6o35 
3.39 

4.43 
4  01 

U 

4.'''0 

4o?7 

£,,61 

4.gS 

4o90 

4.75 

1 

3.10 

3. 96 

6,..  49 

6o2a 

4.>91 

5.21 

Ten 

2 
3 

2„60 
3o30 

4-22 
4.11 

6.60 

5.m 

6„50 

4oO 
3.30  ■ 

4.7S 
3->90 

4 

4o39 

5.1,3 

4.81 

5-07 

5olO 

4o47 

•'■}■ 

p.  *-  r 

of  th;:  grocp  means  is  wuch  iarg-sr  than  ths  V3i"iance;i  vdthin  sepjavite 
group :!t     j:n  this  particulai-  study  the  subt'  ire  horiaonta].  or  ver- 

tical p].ar;eSo 

Th«;  resv:lt:3  of  this  t;^'"pe  of  ana.ly3is  i...  -    .../aally  presented  in  aji 
analj-sis  of  x'-ariance  table  (see  Table  5).^     The  values  aha\::  .3 

coliimr.s  hes.ded  "Mean  Square*'  are  measures  of  the  variability  a'liong  the 
data  ■■rhich  may  be  attributed  to  the  factors  listed  in  the  colimn  hes-ded 
"Soiar^ie  of  Variation  o"     The  n^jmber  of  degraes  of  fi'cedom  is  one  less- 
than  t,he  number  of  '/alv.es  hTiol'ved  iji  the  computation  of  the  b^Mx  of 
SQ-uartJSo     The  raeen  squsrs  is  obtained  by  dividing  the  sisjrt  of  squares 
by  the  ciorz'esponding  degrees  of  freedoni  far  the  giv€..n  factor;,     The  F 
ratio  ia  uted  to  test  for  significanceo     It  ir>  foraed  in  this  case  by 
takint;  the  raean  square  foiznri  on  the  lin3  ivhose  3ffet;t  In  beinj^  tested 
and  dJAc.ding  by  the  mean  square  of  the  next  loiter  siibgroup  ir.  the  samp- 
ling procedureo     If  th':s  ratio  is  less  than  the  F  rrtio  at  sone  chosen 
level  of  nignificance  ':aseci  ci"i  the  Fisher  variance  T"a;/io  probability 
1  ■  ■   ;n  it  may  be  concl-udec  that  the  p'>rticiilar  fc.otor  being  tested 

.3  not  {5i|jnifioant.:v     I:.,  this  cass,  for  instance,   reference  to  Table  5 
■Allows  thai;  the  air  con-;ent  i£   independe  .  l  he  paj-tiotslar'l.ibi'isontal 

piaiigB  from  '.-rhxch  the  traverses  •;•  lected,.. 

i'rcjm  Table  ?  of  X-jt^oductio'  atistical  Anfjl^'-sis  by  Dixon  an.d 

'  assey  (9)  the  P  ratios  for  a  significance  level  of  5  percent  are  Fq^qs: 

4al8)  n  :'2,.93  ;^oi*-  vertical  planes  and  Fq  Qr'6j,i6)   ^  2o74  for  horizontal 
plansR.      The  F  ratios  for  a  signific  wvsl  of  2c  5  peraent  are  F^,  q„,. 

(4j,18)  -  Ti-fi.  for  vertical  plans.: ,q  g^c  (6,16)  -  3.^3/).  fo?  ho;rip,ontal 

P^anan.. 

Snapection  of  Tables  6  Siid  i?'  does  not  show  any  F  ratio-a  ^^rhich  are 


lilGKT  TRAV  :a3ii;3»=.V.ut.TICAL  PLAKiiS 


Lsagt.b  cf         Source  of  Sfca  af  Degrse;:;  ox"  Mear- 

Traverses         Y.?.i'tatJ.oa  Squares  FreBdom  Square 

( Inches ) 


yrvT 


Srx 


fro  3xv  Fl: 
Total 


VA 


ight 


Beams  0:.?$97 

?lc   in  Bb.,       21c99l6 

Tr.  ii3.  PI.      £^o95:il 


0,1135 

60.2GO4 

20^0674 


Eeaas  CcS£;?3 

P.l.  in  can.  4.86S6 

Tr.  ii?  Pic  22=.ggiE 

iO';ai  29o5S01 


:4 

I:? 


1 


F  r.a-:-io 


1 

i> 

IB 


0.7597 
5-4979* 
2o2?54 


Ocl4 
2c/(2 


oai3f>  o„o7 

1.5501  Oo93 
lc.6704 

Ooi58'>'3  0,73 

1,2172  0.9s 
1=3233 


T-.n 


hiJdVlB 

O0OOS4 

1 

O0OO84 

0.00 

Pic  i2i  Bm,. 

7o47SS 

4 

1.869? 

1,67 

TFo  i£i  Pic. 

20.1054 

18 

loll?0 

Totcii 


Fo„95(«,16)  s;  2-.. 74 


27. 5926  23 


■•0    Qi^{k.il6:    s   3oSi 

F  (6<.l65  =  '    ■ 

Oo975     ^        " 


2o 


TABLE  6 

AKALYSIS  C?  V/\R:[ANCE^--AH?.  COMTl^KT  (P'^MINT). 
RIGHT  TRAV:SlSES...-^KCRIZOKTAI..  PLANES 


Length  of    6^2m^  -y^  b'Ud   <,-!     usgrees  of     Mean      i:  :iaii.o 

Travsrses    Variation     Squares     FreedoDJ.     Square 

(Inches) 


Fcur 


Bcjaufj  Oo75??  i  ).7597             0.-,24 

Plo  :m  Ba.  151.S063  6  3.1344             1-U 

Tro  in  pi.-  iAoJifS  M  2  7539 

Totaii  63  o  7003  23 


Bem-3  OaiH5  1  31135             0-06 

Plo  .-Lfi  E^c  IQ^IiS^'S  6  '1-7564             1-09 

Tr.  in  PIo  iio72v:J6  16  1.6061 

Total  36-3613  23 


Eight 


Baaras  0,8S>'3  1  ^.8S93              0,53 

P.l»  in  Em.  9.9966  6  I  6661              lcii3 

Tr.   .-In  Plo  lS^S9r..2  16  1.-I6g'4 

Total  29.58-01  23 


Ten 


B®3ja'3 

0o0084 

1 

5c 0084 

?lc   iJT  Ltao 

6,f>401 

6 

l.-,0900 

Tro  is;.  Flo 

2lo04a 

16 

lo3153 

Total 

27.5926 

23 

o.,a3 


TABLE  7 

.^ALYSIS  OF  VARIANCE— AIR  CCNTEM    (PMCENT)- 
LEFT   rrtAVIiaSES— VERTICAL  PLAKES 


Length  of 

Source  of 

Suit,  of 

Degrees  of 

Mean 

F 

Ratio 

Traverses 

Varietion 

Squares 

Freedom 

Square 

(Inches) 

Beams 

'o.Oh3h 

1 

0.0^34 

0.00 

Fl.  in  Brr., 

36.5U1 

U 

9.1353 

z.hr 

Four 

Tr.  in  Fl. 

A7.1225 

18 

2.6179 

Totnl 

83.7070 

23 

Beams 


0.086/* 


0.066/V 


0.02 


Fl.    in  B:»:.  16.8153 


Six 


Id 


L.  201,0 
1.0333 


Total 

35.5024 

23 

Beams 

0.0007 

1 

0.0007 

0.00 

iijht 

PI.  in  Sm. 
Tr.  in  Fl. 

10.9648 
21.2734 

4 
IB 

2.7412 
1.1619 

2,32- 

Total 

32.2369 

23 

Eean.s 

0.00d4 

1 

0,0084 

0.00 

Fl.  in  3m. 

7. 4786 

4 

1.8697 

1.67 

1  en 

Tr.  in  Fl. 
Tct  =  l 

2C.1054 
27.5926 

16 
23 

1.117C 

^0.95 

(Z.,18)  =  2.93 

>     'o: 

.975 

(4,13)  = 

3. 

.61 

^■-,    r.r. 

(6,16)  =  2.74 

^C, 

.975 

(6,16)  = 

3. 

.34 

""Significant  at  the  5  percent  level. 
■'■"^"Significant  at  the  2.5  percent  level. 


^8 


TABLE  6 

ANALYSIS  OF  V/ijaAI-iCE—AIR  COKTKNT    (PiiaCSKT)- 
LEFT  TRA'/1<:HSES— HORIZONTAL  PLANiiS 


Length  of 

Source  of 

Sun-,  of 

Degrees  of 

Mean 

F  Ratio 

Traverses 

Variation 

Squares 

Freedom 

Square 

(Inches) 

Jesrr.P 

o.ou/. 

1 

0.0434 

<J  .'j1 

Fl.    in  3rr. 

'22.7926 

6 

3.79^^6 

1.00 

Four 

Tr.   in  Fi. 

60.8710 

15 

3.304A 

Total 

83.7070 

-!7 

Bear:£ 

O.OaoL 

1 

0,06b4 

0.12 

PI.    in  bir.. 

^.35i>5 

6 

0.7259 

0.37 

Six 

Tr.    in  Fl. 

31.0505 

16 

1.9413 

Total 

35.5o;-'4 

23 

Beams 

0.0007 

1 

0.0007 

0 ,00 

PI.    in  3m. 

4.6873 

6 

i.l71B 

0.68 

Light 

Tr.   in  Fl. 

27.5509 

16 

1.7219 

Totr.l 

32.2389 

Beams 

0.00B4    - 

1 

0.0084 

0.01 

PI.    in  Bit.. 

6.5W1 

■    1.0900 

C.B3 

Ten 

Tr.    in   ri. 

21.01J1 

16 

1.3153 

Total 


Fqc^j   (4,18)   =  2.93 
"   .^.r    (6,16)  =  2.74 


27.5926 


Fq_^^5   (4,18)   =  3.61 
Fo.975   (6,16)   =  3.34 


29 
significant  at  either  the  5  percent  or  25   percent  significance  level 
for  horizontal  planes »  In  Table  7  significance  for  vertical  planes  is 
shown  for  four  and  six  inch  traverses,  HoweveB',  these  values  of  the  F 
ratio  are  close  to  those  from  the  standard  F  ratio  tables  and  as  six 
non-significant  cases  .vsre  found,  it  was  concluded  that  air  content  can 
be  determined  without  regard  to  the  planes  within  which  the  traverses 
may  fall^ 

Tables  9,  10,  11,  and  12  present  the  analysis  of  variance  for  the 
numbjr  of  voids  per  inch.  The  F  ratios  for  significance  levels  of  5 
percent  and  2<,5  percent  are  the  same  as  those  given  above  for  air  con- 
tent. 

Inspection  of  Tables  10  and  12  shows  no  significant  effect  due  to 
horizontal  planes,  Hovrever,  significance  at  the  2o5  oercent  level  is 
shown  for  vertical  planes  in  Tables  9  and  11 ^  Since  this  may  havo  been 
the  result  of  the  operator's  difficulty  in  learning  to  recogjiize  the 
smaller  voids,  another  investigation  was  made  later  after  refinements 
(such  as  the  use  of  the  sander  which  was  not  eaplo/ed  on  these  initial 
planes)  had  been  made  in  the  polishing  procedureo  After  refinsments  in 
washing  the  polished  surfaces  were  added  along  with  the  use  of  the  elcc= 
trie  Sander,  a  further  study  of  the  effect  of  vertical  planes  was  madOc 
The  results  of  this  study  are  presented  later  in  this  sectiono 

A  90  percent  confidence  level  for  determining  the  air  content  of  an 

4 
individual  beam  within  ^^OoS  percent  of  the  true  air  content  was  selected. 

Table  13  presents  the  results  of  a  study  of  the  effect  of  the  length  of 
the  individual  traverse  on  the  confidence  limits  for  the  mean  air  con- 
tent o  The  standard  error  of  the  mean  is  shcu-rn  to  decrease  as  the  length 
of  the  traverse  is  increased  with  the  total  number  of  traverses  remaining 


TABLE.  9 

khALX&lS  OF   VAriIAl\iCb~i\i!jMbz.ii  UF   Vi,lDS  i  il.i  INCH- 
RIGHT  TRAVEHSiLS— ri:-:nCAL  PLMES 


Length  of 
T reverses 
V  Inches) 

Source  of 
Variation 

Siur,  of 
Squares 

Degrees  of 
Freedom 

Mean 
Square 

F  itatio 

BeaiTiS 

0.7561 

1 

0.7561 

0.07 

Four 

Fl.    in  Br. 
Tr.    in  Fl. 

/.1. 3169 
:32.1/tV^ 

13 

10.3292 
1.7358 

5.79'' 

Total 

7/^.2175 

23 

Beams 

0.3300 

1 

0.3300 

v.Ci) 

Six 

Fl.    in  Bid. 
Tr.    in  PI. 

25.8675 
2i..3013 

4 
18 

6.4669 
1.3501 

4.79'" 

Total 

50.74B8 

■■      .      23 

Beams 

0.3060 

1 

0.30u0 

0 .  05 

Sight 

PI.    in  Btn. 
Tr.   in  PI. 

22.7342 
U.3965 

4 
13 

5 . 6960 
G.799S 

7.12" 

Total 

37.4867 

23 

Bean'.s 

0.3197 

1 

•  0.3197 

0.07 

Ten 

Fl.    in  Bm. 
Tr.    in  P]  . 

17.8620 
7.3501 

4 
13 

4.4655 
0.4083 

10.94" 

Total 

25.5316 

23 

^0.95 

(/.,1c)    r   2.93 

-''0.975 

(^^,13)    = 

3 .  t>l 

Fq^95  (6,16)  =  2.74 


Fq.975  (6,16)  =  3.34 


'Significant  at  the  2.5  percent  level 


TABLE   10 

ANALYSIS  OF  VA:{:AKC£— NUMBER  OF   VOIDS  VkA  livCH- 
RIGHT    rftAVEHSES— HORIZCMTAL   FLAL^:: 


31 


Lencfth  of 
Traverser 
(Inches) 

Source  of 

Variation 

SulTi    of 

Squares 

Degrees  o.f 
Freedom 

Mean 
Square 

F  rCatio 

Beams 

0.7561 

1 

0.7561 

0.40 

Fl,    in  Brr.. 

11.4296 

6 

1.9049 

0.49 

Four 

Tr.   in  PI. 

62.0318 

is 

3.8770 

Total 

7/..  2175 

23 

Beams 

0.3800 

1 

0.3800 

0.37 

Six 

Fl.    in  Bir-r 
Tr.    in  Fl. 

6.1973 

6 
16 

1.0329 
2.7482 

0.38 

Total 

50 . 5488 

23 

■^  earns 

0.3060 

1 

0.3060 

0.48 

Eight 

PI.   in  By. 
Tr.    in  PI. 

3.3278 
33.3529 

6 

0.6380 
2.0846 

0.31 

Total 

37.4867 

23 

3ean;s 

0.31V 7 

1 

0.3197 

0.69 

Ten 

PI.    in  Bit,. 
Tr.    in  Fl, 

2.7674 
22,4447 

c 
16 

C.4612 
1.4028 

0.33 

Toti.i 

25.531S 

23 

-  u, 


,75    (4,18)    =   3.61 


F,,^95  (6,16)   =  2.74 


^0.975 


(6,16)  =  3.34 


TA3LS  11 


ANALYSIS  OF  VAxoIAKCK— KUKBEH  OF  VOIDS  PER  IKCH- 
LEFT  TRAVERSES— VERTICAL  FLAKES 


Len>f^l\.   o.r 

Source  of 

Smr.  of 

Degrees  of 

Mean 

F  Ratio 

Traverses 

Variation 

Squares 

Freedon; 

Square 

(Inches) 

Beaing 

13.2611 

1 

13.2bll 

3.78 

PI .  in  3rr.. 

U.0371 

4 

3.5093 

1.79 

Tr.  in  Fl  . 

35.2626 

13 

1.9590 

Total 

62.5608 

23 

Beams 

5.8312 

1 

5.6312 

2. 07 

Fl.  in  Be' 

11 . 2430 

h 

2.6108 

2.61 

Six 

Tr.  in  ?1, 

19.3969 

18 

1.0776 

Total 

36.4711 

23 

c  earns 

5.0c 7 9 

1 

5.0c79 

1.42 

PI.  in  Brr,. 

U.3624 

4 

3.5906 

4.38^^ 

Eight 

Tr,  in  Pi . 

U.'757J' 

13 

0.8199 

Total 

'ii..2032 

Benms 

0.0542 

1 

0.3542 

0.00 

ii.  in  Bit;. 

l6.66r-6 

4 

A . loo  / 

7.40"'^ 

Ten 

Tr.  in  Fl. 

10.12S9 

IS 

0.5627 

Total 

26. 8/,  97 

23 

I 


F|3,95  ^^'^®^  -  ^-^2 
?Q^95  (6,16)  =  2.74 

"Significant  at  the  2.5  percent  level. 


F-,  -.rjr     (/.,!«)  =  3.61 
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TA3LE  12 

AliALYSIS  CF   VARIAICCS— .NUKBZH  OF  VOIDS  FDR  IKCH- 
LEFr  T:UVi.HSES— HORIZCKTAL  PLAKLS 


Length  of  Source  of 
Traverses  Variation 
(Inches) 


Sum  of 
Squares 


Degrees  of     Kean     F  natio 
Freedom     Square 


r  our 


Beams  13.2611 

PI.  in  Brr..      7.2355 

Tr.  in  PI.     /.2.0642 

Total  62.5608 


16 


O-i, 


13.2oll 
1.2059 
2.6290, 


li.OO 
0.46 


Beams 

5.3312 

1 

5.8312 

5.31 

Six 

PI.  in  3r. 

6.5936 

0 

1.0939 

0.73 

Tr.  in  Fl. 

24.0463 

16 

1.5029 

Total 

36.4711 

23 

Seams 

5.0679 

1 

5.0879 

6.89 

n.  in  3rr. 

4.4332 

6 

0.7339 

0.48 

^ight 

Tr.  in  ?1. 
Total 

24 .  6871 
34.2082 

Id 
23 

1.5i.29 

Beams 

0.0542 

1 

0.0542 

0.13 

M.  in  3m. 

2.4641 

6 

0.4107 

0.27 

.  en 

. 

:r.  in  PI. 

24.3314 

lo 

1. 5207 

Total 

26.8497 

23 

^0. 

Q5  (4,16)  =  2.93 

^0, 

.975 

(4,1*5)  =  3.61 

cc;    v^,-^'- 


^.  //+ 


0.975 


rjr       VO,d^,        -      3.34 
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the  sameo  Tr/hen  the  standard  error  of  the  mean  is  computed  on  the  basis 
of  a  total  of  120  inches  of  traverses,  it  is  aporoximatel7  0«3  for  tra» 
verses  of  all  lengthso 

Very  similar  resxilts  are  shown  in  Table  14  for  the  number  of  voids 
per  incho  Tables  13  and  Ik   show  that  the  total  length  of  the  traverses 
determines  the  confidence  limits  for  the  air  content  and  number  of  voids 
per  inch  rather  than  the  len,5th  of  an  individual  traverse,  A  total  tra=> 
verse  length  of  approximately  140  inches  gives  the  air  content  of  a  beam 

of  the  type  studied  within  =  Oo  5-percent  of  the  true  air  content  and  the 

i 
nxmber  of  voids  per  inch  vdthia  -  Oc.5  void  per  incho  Hence,  the  measure^ 

nez^  of  the  air  content  and  number  of  voids  per  inch  of  an  individual  beam 

may  be  considered  as  one  long  traverser, 

To  further  check  on  the  significance  of  vertical  planes  in  the 
determination  of  the  number  of  voids  per  inch  three  additional  surfaces 
(Planes  A,  B,  and  C^  Figure  4)  on  each  beam  were  polished  using  the  pro= 
cedure  de>:icribed  xmder  "Preparation  of  Snrfaee  of  Concrete  Speaimeno" 

Although  Tables  13  and  14  show  that  a  total  of  140  inches  of  tra= 
verses  will  give  tho  air  content  of  a  beam  of  the  type  studied  within 
■=  Oo5  percent  of  the  true  air  content  and  the  number  of  voids  per  inch 
within  "  Oo5  void  per  inch  (at  the  90  percent  confidence  level)  j,  one  hun- 
dred inches  of  traverses  on  each  of  two  surfaces  were  selected  as  stan=» 
dard  in  order  to  allow  for  some  increase  in  variability  when  examining 
concrete  from  other  mixes.  Therefore,  ten  traverses  of  ten  inches  each 
were  measured  on  each  vertical  planeo  The  data  from  these  planes  are 
presented  in  Tables  15  and  l6o 

The  results  of  the  analysis  of  variance  are  presented  in  Table  17 -^ 
The  F  ratios  for  vertical  planes  in  beams  for  both  air  content  and  num- 
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15 


ESTIMATSS  OF  AIH  CONTSKT    (PEACSM) —TEN -INCH  TRAVIlRSiG- 
VJi-RTICAL  FLAKES— TaY.  TRAFiiSSiiS  ON  EACH  PLA^!E 


I  uiTiber 
of 

Vert. 

Beam  I 
ical  Planes 

Ve 

Beam  II 
jrtlGal  Planes 

T  raver  L^e 

ri 

B 

c 

A 

B 

C 

1 

4.o2. 

2.51 

3.68 

3.98 

.  4.24 

2.25 

2 

2.63 

4.11 

2.44 

4.62 

5.39 

4.05 

3 

2.06 

.4.11 

4.07 

2.56 

4.39 

4.62 

( 

A.  30 

1.75 

3.32 

3.74 

4.31 

4.39 

5 

4.^9 

2.54 

4.76 

3.13 

3.04 

4.43 

6 

3.60 

4.20 

3.22 

5.51 

4.53 

3.73 

2.54 

3.98 

4.20 

3.92 

5.13 

3.16 

8 

2.06 

5.09 

2.25 

4.53 

3.04    . 

3.54 

c 

3.32 

3.26 

6.10 

3.06 

.3.54    ,, 

3.04 

10 

2.49 

4.53 

2.75 

6.12 

2.44 

4.13 

Kversge 

for 

3.21 

3.61 

3.70 

4.12 

4.11 

3.73 

Plane 

S 

TABLE  ]6 
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ESTIMATES  OF  NUMB'^R  OF  VOIDS  PER  INCH—TEN-INGH   rPcAVQtSES- 
V   -TICAL  PLAKES— TEN  TRAVERSES  Ch  EACH  FLAKE 


Nunber 
of 

V< 

Beam  I 
=rtical  Planes 

Ve 

Learn  II 
;rtical  Planes 

Traverse 

A 

3 

A 

3 

n 

1 

6.00 

h.92 

3. 43 

5.91 

5.82 

4.40 

2 

3.99 

^.98 

4.29 

■6.49 

5.9c 

5.1? 

3 

/f.30 

4.89 

3.20 

5.61 

7.21 

4.92 

h 

5.66 

3.02 

4.49 

5.70 

5.79 

5.95 

5 

L.68 

3.90 

6.31 

5.48 

^4.90 

C.2C 

6 

ii.77 

3.22 

5.18 

6.30 

6.21 

6.53 

•7 

3.80 

4.56 

4.79 

5.93 

5.8o 

4.74 

6 

3.72 

5.77 

3.91     - 

4.32 

5.09 

5.21 

c 

3.22 

3.65 

6.45 

5.83 

4.73 

4.31 

10 

3.0o 

4.63 

3.93 

6.40 

4.78 

5.55 

Average 

for 

4.32 

4.35 

4.60 

5.85 

5.64 

5.30 

Plane 

T;i3LE  17 

Ai\;AI.YSlS  OF   VAhJ-KKLix, — T^\.-ii\«H  T.-vAVii^rtoio — Vr-cinCAL 
FLAKES—TEK  TEAVr^rfSf.S  OK  EACH   Pi.AK2 


Void 
'haracteriGtic         Source  of  Stjjt,  of         Degrees  of         Kean  ?  Rfttio 

Measured  Variation  Squares         Freedom  Square 


Beams 

3.^70/* 

1 

3.4704 

6.02 

Ai  r 

Fl.  in  Brr.. 

2.3072 

4 

0.576s 

0.54 

Content 

Tr.  in  PI. 

57.7340 

5  k 

1.0691 

Total 

63.5116 

59 

.   Beams 

20.6339  ■ 

1 

20.6389 

!   1  r.  T 
•4-t  .  ^^ 

NuHiber  of 

PI.  in  3n-. 

1.9879 

k 

0.4970 

0.68 

Voids  per  Inch 

Tr.  in  Fl. 

39.3337 

54 

0.7284 

Total 

61.9535 

59 

bor  of  voida  per  inch  are  less  than  onco  Henco,  ifc  may  be  concluded 
that  vertical  planes  as  well  as  horizontal  planes  ara  not  significant 
in  the  determination  of  the  air  content  and  the  nucaber  of  voids  I'sr  incho 

To  provide  an  additional  check  on  the  selection  of  200  inche.i  as 
the  total  length  of  the  traverses  within,  a  beam  which  will  give  the  air 
content  with  confidence  limits  of  *  Oo§  percent  and  the  number  of  voids 
per  inch  with  confidence  limits  of  •=  Oo5  void  per  ifichj,  the  planajj 
within  each  beam  -were  oaajbinad  in  pairs  and  the  confidence  limits  com- 
puted as  given  in  Table  18 „  The  air  content  and  the  number  of  voids  per 
inch  are  shown  to  be  within  these  limits o  Also,  it  may  be  noted  ^ihafe 
when  any  two  planes  are  combined  the  difference  from  any  other  conbina/= 
tion  for  the  given  beam  is  small o 

In  order  that  some  comparison,  might  be  made  between  the  mea8ure<= 
ments  reported  in  this  study  and  iliose  made  in  other  laboratories j,  six 
concrete  specimens  were  obtained  from  the  Portland  Cament  Associciiion 
Laboratory,,  The  results  of  the  measui'emants  made  on  thss©  specimens 
are  reported  in  Table  19 o  One  hundred  ijiches  of  traverse  were  run  on 
each  of  two  surfaces  of  each  specineno  The  results  substantiate  the  pro- 
cedure developed  in  this  studjo  Also,  the  air  content  measurements 
check  very  closely  with  those  obtained  in  the  Portland  Cement  Association 
Laboratory^. 

In  conclusion,  this  investigation  shows  that  the  air  content  and 
number  of  voids  per  inch  of  a  beam  of  the  size  aod  type  studied  may  b® 
determined  by  the  measurement  of  a  totat  of  200  inches  of  traverees 
within  the  beam  without  regard  to  the  position  of  ths  traverses  "nith 
respect  to  horizontal  or  vertical  planeso  The  200  inches  of  traverses 
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ccnfid;-.;;c2  Lifr^Ti..  ;■.,.  air  GoirrKM  (;.,„.;^,.;)  ak)  N'jiasu  cf  voids 

?LR  INCH—lNDI^irUAL  BEAt-^S— TV/C  HUlvD:CD   IKCHLS 
OF  TR4VE:tSES  CM  TWC  FLAKiLS 


Air  Content   (Percent)  Nurcbor  cf  Voids  per  Inch 
Bearr.           Two  Planes            (Confidence  Linlts  (Confidence  Li-idts 

Corbined  for  Beejn —  for  Bean:-- 

90%  Confldance  Level)  90%  Confidence  Level) 


A 

& 

B 

A 

& 

C 

3 

& 

C 

A 

.<t 

B 

A 

& 

C 

B 

& 

c 

3. a  1  0.39  /4.34  1  0,35 

3.Z*6  +  0.42  4.46  +  0.40 

3.65  1  0.42  /..47-+  0.38 


4.11  I  0.41  5.74  1  0.25 

3.93  1  0.36  5.58  +  0.26 

3.92  I  0.36  5.47  1  0.30 


TiSLE  19 

CGI'^TD-'.:  .■ iT?  FOR  AIR  CONTilvT   (FEaCEia-)   aNC  KUMBZA  CF   VOIDS 

PKR  IKCH—SPECINiliKS  FItCM  FCA  LABGR-^TCiiY— rw'C 
■   -  'SX  INCHES  OF  T.V.VilFiSES  OK  TWO  PLANES 


Air  Cor.te-nt   (Percent)  Kumber  of  Voids  per  Inch  PCA  Values 

Specip".en       (Confirifnce  Litrits  (Confidence  Limits                    for 

for  Specimen —  for  Speci^ien —  Air  Content 

90;i)  Confidence  Level)  90%  Confidence  Level)  (Percent) 


8  3.53  t  C-65  1.26  +  0.11  3.6 

2  :.?;  1  0.35  O.o9  1  0.12  1.6 

S-3  1.09  1  0.2Z,  0.6?  +   0.09  1.0 

':-V.  -^-.46  1   0.51  o.oOi   0.51  L.6 

83  2.1U1   0.L2  1.131  0.13  2.3 

}0-;.  8.U3  1  0.67  11.91  +   1.0/^  d.O 


43 
give  the  air  content  within  t  0,5  percent  of  the  true  air  content  with 
90  percent  confidence  and  the  nuniber  of  voids  per  inch  vdthin  -  Oo5 
void  per  inch  'with  90  percent  confidence. 
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Ai^PLICATION  OF  LINi,AE  TfiAVJiRSE  TLCHNIQUE 
TO  PAVi.MEi«  CONCRLrE 


Folloiving  the  pilot  study  in  which  beams  fabricated  in  the  labora- 
tory were  used,  a  study  of  the  variability  of  the  air  content  and  the 
number  of  voids  per  inch  vdthin  a  concrete  pavement  vras  madeo  For  this 
study  a  section  of  highway  was  selected  in  which  two  coarse  aj-gregates 
were  usedo  The  portion  in  which  the  coarse  aggregate  was  a  glacial  gra= 
vel  (source  code  number  79~1G)  showed  good  field  performance o  VJhereas,^ 
the  portion  in  which  the  coarse  aggrefjaoe  was  a  crushed  limestone  (source 
code  number  9~1S)  was  highly  deterioratedo  Previous  studies  (33)  indi= 
cated  that  the  difference  in  field  performance  was  due  to  the  coarse 
aggregate o  However j  in  order  to  check  the  possibility  that  some  of  uhe 
difference  in  durability  may  have  resulted  from  an  accidental  difference 
in  air  content  or  some  other  air-void  characteristic,  an  equal  number  of 
cores  was  taken  from  the  concrete  made  with  each  type  of  aggregate o  All 
the  pavement  was  constructed  without  the  purposeful  entrainment  cf  airo 
Hence,  supplemental  information  \-{&s  gained  on  the  amount  of  air  scci- 
dently  entrapped  in  concrete  pavement?© 

Pavement  Construction 
The  cores  for  this  study  wei'e  taken  from  a  section  of  Indiana  State 
Road  43  starting  at  the  beginning  of  the  concrete  pavement  in  Brookstong 
Indi.ana,  and  proceeding  north.  The  contract  for  the  construction  of  this 
pavement  was  awarded  June  21,  1929,  anc  completed  June  14,  1930o  The 
pavement  is  an  eighteen=foot  wide  9=7-9  section  with  a  longitudinal 
3/4-inch  round  bar  placed  six  inches  from  the  outside  edge  on  each  sideo 
The  mix  proportion  was  Is 2:3  ^7  weight  with  a  cement  factor  of  lo72 
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barrels  per  cubic  yardo  A  water-ceinent  ratio  of  Oo50  by  weight  was  usedo 
The  maximuia  size  a<;;gre£ate  xvas  2  ^  inches o 

Startixig  at  the  beginrdng  of  the  concrete  pavement  in  Brookston 
two  cores  were  taken  on  a  line  t  ransverse  to  the  centerline  every  0o2 
mile  for  a  distance  of  lo8  mileso  Thus,  a  total  of  twenty  cores  (desig- 
nated SU.  to  S120)  were  obtained  from  pavement  in  which  coarse  ag^jregate 
9=1S  was  usedo  Starting  at  a  point  2o2  miles  from  the  beginning  of  the 
concrete  pavenssnt  in  Brookston  two  cores  were  taken  every  0,3  mile  from 
pavement  in  \*ich  coarse  aggregate  I^-^Uj  was  used  for  a  total  of  twenty 
cores  (designated  Gil  to  G120)o 

Two  parallel  surfaces  from  each  core  were  polished  following  the 
procedure  descidbed  in  the  preceding  secbion.  Then  measurements  of  the 
air  content  and  number  of  voids  per  inch  were  made  using  a  total  of  one 
hundred  inches  of  traverse  on  each  surfacso  The  results  of  these  mea= 
suraments  are  presented  in  Tables  20  and  21e 

Analysis  of  Data  and  Summary  of  Results 
Confidence  limits  for  air  content  and  number  of  voids  per  inch  are 
presented  in  Table  22  for  six  gravel  cores  and  six  stone  coreso  The 
volume  of  a  core  is  of  the  same  order  of  magnitude  as  the  volume  of  a 
concrete  beam  examined  in  the  pilot  study »  The  results  agree  substan= 
tially  with  the  conclusion  of  the  preceding  section  that  two  hur.dred 
inches  of  traverses  will  give  the  air  content  within  *  Oo5  percent  of 
the  true  value  at  the  90  percent  confidence  level© 

The  pavement  constructed  with  crushed  limestone  ^owed  an  average 
air  content  of  2o0  percent  (average  of  values  for  air  content  in  Table 
20) o  The  pavement  constructed  with  glacial  gravel  showed  an  average 


N-i    j,'      i. 


J  J    \,(iJ  ,,i 


■  r»  c  (b 


L,xr,c 


Fovemcnt 
Cere 


-rAV-ll^FT   CC:l 
li  SURFACE— 


r-irLr-^fAir. 


Air  vor.t'?no 


3 


KuTiber  of  Voids   ps-r  Inch 


Surfics        Gurfsce 
A  3 


£1J 

:'i2 

SI  3 
sii 


2.16 

i.vy 

i.02 

0.39 


1 .  isU 
0.  to 

O.G? 


l.Cl. 

I.OCj 

1.11 

1 .  30 

G.6C 

0 .  uO 

0.4.4 

0.52 

Sl$ 
Sio 


.31 
.70 


S17 
518 

rii9 


f:Li'- 


"I      .-■•  C 


2.Z.7 


t^  X  -.  -. 

-,            T-H      , 

1.7/. 

..     ±.    \    £.. 

1.68 

f.ll3 

O.'/O 

1.16 

SlU  • 

£11  > 

riifc 

.1   . 

'       O*^ 

n-T  T  '7 

2.0^ 

2.25 

1.9' 


1.0.', 

0.92 

1  .  10 

1.08 

0.71 

l.CZ, 

1.02 

u.7o 

0.S6 


G.50 

0.31 

G ,  90 

0.63 

0.69 

0 .  40 

0.^0 

0.53 

1.13 

■  0.06 

l.Oo 

.••1      j  c 

0.72 

C.^2 

J .  -jO 

0.62 

•  PLR  i:^CH~rAVJ 


yerse 


"fl- 


bun  face 
A 


;.ont. 


.    WJ       ..    V  J.     . 


>urt ; 

R 


:rl '-  ce 


02 


hO 


13 


2,03 


1    ^3 


-  .  /J 
1.06 


0.{?2 


L  .. 


'.o' 


0.-72 


u . ,'  ••. 

O.C'-'^ 

«->  •  »..v. 

1 

1.15 

C'O 

'-  •  o_j 

o3 

J.tU 

ua 


TABLE  22 

CCNPIDENCE  LIMITS  FOR  AIR  CONTENT  AKD  NUMBER  OF  VOIDS 
P?.R  INCH— ?AVi:^SNT  GORES— WO  HUNDRED  IKCHES 
OF  TRAVERSES  01   TWO  PLANES 


Air  Content      '       Number  of  Voids  per  Inch 


Pavement 

Core 


kj 


c 


Conficence  Liir.its  for  Core      Confidence  Lixits  for  Core 
{':^'Ji   Confidence  Level)         (90^  Confidence  Level) 


+ 


3n  2.15  1   0.58  1.02  +  0.13 

S12  2.28  1  Q.38  1.21  1  0.11 

Si3  O.SL   1  0.21  0.60  1  0.07 

SU  0.78  1   0.24  0.48  1  0.06 


13  1.80  +  0.41  0.75  1  0.11 

16  2.57  1  0.49  0.66  1  0.11 


Gil  2.02  1  0.43  1.06  +  0.13 

cm  2.30  1  0.L5  1.12  1  0.13 

C^J  2,07  1  O.^c  l.lo  1   0.12 

-14  1.59  1   0.29  0.96  1   0.12 

015  1.91  ,t  C.40  0.63  :!:  0.12 

^io  2.21  1  0.55  O.bO  1  0.11 
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air  content  of  lo7  percent  (average  of  values  for  air  content  in  Table 
21)0  For  both  sections  of  pavenvpnt  the  avera^iQ  value  for  the  number  of 
voids  per  inch  was  0.8  void  per  inch« 

The  analysis  of  variance  for  air  content  is  presented  in  Table  23; 
while  the  analysis  of  variance  for  number  of  voids  per  inch  is  presented 
in  Table  26 »  In  these  tables  it  is  shown  that  neither  the  air  content 
nor  the  number  of  voids  per  inch  for  the  pavement  constinacted  with 
crushed  limestone  is  significantly  different  from  the  corresponding 
value  for  the  pave/nent  constimcted  with  glacial  gravel  for  the  coarse 
aggregate o  Hence,  it  may  be  concluded  that  the  differences  in  durability 
were  not  due  to  differences  in  the  entrapped  airo 

Use  of  Core  Data  to  Develop  Sampling  Plan 
for  Concrete  Pavements 

In  the  sampling  of  concrete  pavements  it  is  desired  to  study  the 
variability  of  the  air  content  and  number  of  voids  per  inch  of  a  sec- 
tion of  highway  and  not  just  a  particular  coreo  For  this  purpose  a  sur= 
face  which  represents  an  estimate  of  these  variables  based  on  a  traverse 
length  of  one  hundred  inches  was  used  as  the  smallest  unit  for  samplingo 
OSi  the  basis  of  the  study  in  the  preceding  section  this  length  of  tra= 
verse  is  believed  to  be  fair  and  satisfactory  for  a  ^jiven  surface,, 

Begin-'iing  with  surfaces  as  the  smallest  unit  the  sampling  of  a  sec- 
tion  of  pavement  may  be  considersd  a  three-sta^e  sampling  problem  in 
which  the  sources  of  variation  are:  (a)  surfaces  within  cores,  (b) 
cores  within  transverse  lines,  and  (c)  transverse  lines  within  the  sec<= 
tion.  Each  of  these  sources  of  variation  has  its  own  particular  var«= 
lanceo  By  study  of  the  relative  magnitudes  of  these  components  of  the 
total  vsa^iance  a  sampling  scheme  was  evolved  wherel^  the  air  content  or 
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the  number  of  voids  per  inch  may  be  determined  vdthin  a  given  confidence 
interval a 

In  tliis  study  the  average  cost  of  obtaining  a  core  was  $10o00o  To 
this  cost  was  added  the  cost  of  sawing  which  was  estimated  to  be  $loOO 
per  coreo  Hence,  the  total  cost  per  core  was  approximately  ^lloOOo 
The  time  required  to  prepare  and  observe  a  surface  was  approximabely 
four  hourso  From  this  the  cost  per  surface  was  estimated  to  be  $5o00o 
These  values  were  used  to  set  up  tables  for  detennining  the  minimum  cost 
to  obtain  the  air  content  or  number  of  voids  per  inch  within  a  given 
confidence  intervale 

In  the  following  analysis  the  procedures  recommended  in  Chapter  10 
of  Sampling  Techniques  by  Wo  Go  Cochran  (8)  were  usedo 

Air  Content 

To  study  the  variability  of  the  air  content  of  the  concrete  pave-= 
ment  investigated,  an  analysis  of  variance  was  made  in  which  the  sources 
of  variation  are  aggregates,  transverse  lines,  cores,  and  surfaceso     The 
analysis  of  variance  is  presented  in  Table  23o 

A  Study  of  Table  23  shows  that  the  various  stages  of  variability 
do  not  need  to  be  treated  differently  for  stone  cores  than  for  gravel 
cores  since  the  F  ratios  are  not  sijiificanto    Therefore,  the  mean 
squares  for  stone  and  gravel  may  be  pooledo     This  results  in  a  mean 
square  of  0.6?  for  transverse  lines  and  a  mean  square  of  Oo40  for  coreso 
iiince  Oo67/Oo40  ^  lo68  is  not  significant  and  cores  are  significantly 
variable  beyond  the  surface  to  surface  variation,  it  may  be  coicluded 
that  the  stratification  of  the  pavement  into  transverse  lines  is  not 
necessaryo    Kence,  the   sampling  problem  consists  of  regarding  the  stretch 
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of  concrete  paveinent  as  a  universe  vdth  the  selection  of  a  random  sample 
of  cores  from  the  stretcho  From  each  core,  surfaces  are  examined  in  the 
sedond  stage  of  sampling o 

Considering  the  problem  as  a  two-stage  sampling  problem  the  compon- 
ents of  the  analjrsis  of  variance  are  pretsented  in  fable  24o 

T/iBLE  24 


Source  of 
Variation 


Degrees  of 
Freedom 


Ifean 
Square 


EMS  (Expected  Value 
of  Mean  Square) 


Cores 


n  »  1 


0o40 


<y^    ^mCfc 


Surfaces 
V/ithin  Cores 


n(m  ==  1) 


0.12 


^K"         =    variance  of  surfaces  within  cores. 


a 


variance  of  core  means  in  universe. 


n  -  number  of  cores  examined,  and 


m  -  nximber  of  surfaces  examined  per  coreo 
If  n  cores  are  selected  at  random  from  a  universe  stretch  of  pave= 
ment  and  m  surfaces  per  core  are  observed,  Xj^^  s  air  content  from  sur- 
face  j  of  core  i  vdth  j  s  1,  2,  oo»<.oj,  m,  and  i  s  1,  2,  c.g,  no 
Then  the  best  estimate  of  the  universe  mean  is: 


n 


m 


i  =  1    .1  g  1    ^ 


X 


mn 


And  the  variance  of  X  is: 


53 


2 
c 


mn  mn  n 

From  the  analysis  of  variance,  Table  24,01    **"  ^  Ol    =  0o40  and 
ffg^    2    0ol2.    Thus,  with  m  s  2,  O*^    -  0«1A  and: 

^      s      0.12  "i-  OoU  m 
^  mn 

The  (1  =>  c*<i)  percent  confidence  liinits  for  the  universe  mean  are 
X  ■=  t,  =  ^1^2  X  Tiriiere  t  is  on  the  degrees  of  freedom  for  the  core  mean 
square,  n  -  lo 

Table  25a  presents  the  half  lengths  of  the  confidence  intervals 
around  X  for  a  confidence  level  of  90  percent o  Also  included  in  Table 
25a  are  cost  estimates  based  on  the  estimated  unit  costs  of  .J5oOO  per 
surface  and  $lloOO  per  corco  i>imilar  information  is  given  in  Tables  25b 
and  25c  for  confidence  levels  of  95  percent  and  97o5  percent,  respec- 
tivelyo 

These  tables  may  be  used  to  obtain  the  estimated  cost  of  sampling  a 
pavement  to  obtain  the  air  content  within  a  givin  confidence  intervalo 
For  example:  To  obtain  the  air  content  of  a  stretch  of  pavement  within 
-  0.30  percent  of  the  true  air  content  at  the  95  percent  confidence 
level.  Table  25b  shows  that  one  surface  from  each  of  14  cores  should  be 
observed.  The  cost  would  be  ?p2246  If  two  surfaces  are  observed  from 
each  core,  12  cores  are  needed  at  a  cost  of  0252o 

Number  of  Voids  £er  Inch 

A  Procedure  similar  to  that  used  for  air  content  was  followed  in 
studying  the  variability  of  the  number  of  voids  per  inch  in  a  stretch  of 
concrete  pavement.  The  analysis  of  variance  is  presented  in  Table  26o 


5a 


.  TiiBLE  25a 

VAlLTi;S  FOR  CWiFUTING  C0KFIDEI^C2  LIKITS  AKD  COST  CF  S/aV^PLIKC 
Aili  GOMLNT   (PERC£CT)--90  FEHCSNT  CCwTIDENCE  LEVEL 


Na'3:iber  of  Surfaces   pt^r  Core   (nO 


of  Cores 


(n) 


Sf       +13^     Cost  5^       +tr^     Co^t  Sf      ItSJ     Cost 


* 


i. 

^..■>^ 

2.01 

- 

1>^9 

10 

1.83 

12 

1.60 

L'. 

1.77 

}t 

1.75 

J_^-; 

1.7A 

20 

1.78 

0.25  0.59  OU  0.22  0.52  EL  0.21  G./.9  104 

0.21  0.42   96  0.18  0.36  126  0.17  0.34  156 

0.18     ">.'^4  128  0.16  0.30  158  0.15  0.28  2Cc 

0.16  0.29  160  0.14  0.26  210  0.13  0.24  260 

0.15  0.27  192  0.13  0.23  252  0.12  0,22  512 

'J.  14  0.25  224  0.12  0.21  294  O.il  0.19  364 

0.13  0.23  256  0.11  0.19  336  C.il  0.19  416 

0.12  0.21  288  0.11  0.19  37b  0.10  0.17  463 

0.11  0.19  320  0.10  0.17  420  0.09  0.16  520 

r^ote:      Co?t   cf   one  core  including;   sawinj/  =  $11,00 

Cost  ]-er   surface  =  $5.00 


T/vELE  25b 

VALUES  FOR  COMRTIKG  CCKFIDEKCE  LIKITS  AND  COST  OF  SAJ'^'LIKG- 
AIR  COCTENT   (PERCENT)— 95  PERCENT  COKFIDEKCE  LEVEL 


^0.95 

Nunber 

of  Surfaces 

per  Cor 

e  (n.) 

KaTber 
of  Cores 

1 

2 

3 

(r.: 

"1 

Cost 

■3 

^^^ 

Cost 

+ts= 

—   A 

Cost 

# 

V 

U 

0   T  V. 

0.25 

0.60 

64 

'^ .  ^  ^.. 

0.70 

B4 

0.21 

0.67 

104 

b 

0.21 

0.54 

96 

O.lt 

0.46 

126 

C.17 

Q.Uk 

156 

6 

.:e 

0.42 

128 

0.16 

0.3S 

16c' 

0.15 

0.35 

208 

10 

2.26 

0.15 

0.36 

160 

0.14 

0.32 

210 

0.13 

0.29 

260 

12 

2.20 

0.15 

0.33 

192 

0.13 

0.29 

252 

0.12 

0.26 

312 

U 

2.16 

o.u 

0.30 

224 

0.12 

0.26 

2^4 

0.11 

0.24 

364 

;o 

...  1^ 

O.lj. 

.7 .  <:c 

L..n 

0.23 

336 

J.  11 

0.23 

41c 

18 

2.11 

0.12 

0.25 

288 

0.11 

0.23 

37S 

0.10 

0.21 

4oS 

20 

0.11 

0.23 

320 

0.10 

0.21 

420 

0.09 

0.19 

520 

Note:      Cost  of  one  core   including   sawing  =  111.00. 
Cost  per  surface  =  i5.00. 


TABLE  25c 


VALUES  FOx"  CCKFUTir.'G  GCNFIDEKCE  LIh;iTS  AND  COST  OF  SAHFLII-iC 
AIR  COKTiOT    (PERCENT)- 9'^'.  5  PERCENT   CONFIDENCE  LEVEL 


i\ia!r,Cfr  of  Surfaces  pe: 


N'uir.ber 
of  Cores 

(n) 


'0.975 


1/. 
lb 

IP 


Cost    3=   ltS=7  Cort    S=   ns=  Cost 
1.       XX.  i  k       ,. 


/4.I8    0.25  1.05  6L         0.22  0.92   64    0.21  0.8?  lOU 


■■'. ,  t>U 

C,18 

C .  51 

128 

2.69 

C.16 

0.43 

160 

2.59 

0.15 

C.39 

1'.'. 

2.53 

0.14 

0.35 

224 

2.49 

0.13 

0.J2 

256 

.. .  i.t 

>  .  J-  -i 

..30 

2c- 

"  1   T 

0.11 

0.27 

320 

0.12  0.30  294 
C.ll  0,27  336 


■-'7  3 


0 .  10  'J .  r'M     420 


0.15  0.43  20a 
C.I3  0.35  260 


0.1?  C.3I  31' 


0.11  0.26  364 

0.11  0.27  416 

0.10  o.;:5  H.(..- 

0.09  0.22  520 


Kooo:   Cost  of  one  core  Including  sawing  =•  $11.00. 
Cost  per  surface  =  $5.00. 


CO 


w 

fri 
u 

O 
o 

I 

I 

X 

u 


.-q 


CO 

o 
o 

td 

i 

( 
I 

cj> 
i< 

<«: 

M 

ft: 
> 

o 

CO 

M 


«: 


a' 
o 

n 


c/j 


o 

•r-( 


o 

IC     ID 


C^-■ 

o 

o 

u 

oO 

§ 

en 

f^; 

^ 

o 

E: 

to 

O 

c 

■o 

i 

Oj 

u,^ 

p 

a> 

b^ 

t:i 

Co 


C) 

C 


en 


en 


o 
o 


CO 


c-v 


O 


-J 


o 
o 


o 

o 
o 

o 


-15 

0) 


CV 


o 


4- 


o 


<  J 


-'v 


oi 


00 


c  •=>: 

•(-1 

•--'  *i 

1'  o 

10  -^J 

U) 

P>  c 

CO  .rH 

C  x: 

C3  ^:> 

U  .,1 


oi  <«: 
c 

•M  ,-1 

0)  ID 

IB  t- 

t->  O 

a) 

>  c 

in  .rJ 

c  x: 


CO 

fi/  O 
C  ^-. 
•H  ■— ' 

0)    bO 

■■fi    bO 

a* 
c  x: 

ai   +:> 


C 

o 


0) 

c 

H 
r-t 


x: 


a: 

> 

(ft    (f) 
a;   c 

o   t. 


o 


CN 


CM 

O 

■^. 

CA 

rs( 

rv 

D 

O 

O 

o 


O 


OI 


Co 
o 


?> 
eS     (0 

o  c 

•H 
C  h4 


-C 


(O     1.1 

Hi    c 


O   M 


o 

CM 


c 

iD 
t-, 

f-H 

•H  it! 
,C  .P 
4J    O 

Vj  tf) 

a;  4; 

!.  C 

O  H 


<^\ 


O 


rH 
O 


o 

o 

0^ 


O 


O 


o 


^r^l 


O 


c 
.,< 
x; 

-P 

•pi  w 
?    <D 

(O  O 
0)  o 
o 

O  4) 
<i-  c 
fcn    o 

3    4J 

C-J  CO 


o 

<d    ID 


•H 
-P    rH 

•r>    «J 

S   P 

O 

to  f-i 

a)  — 
o 

w\J        (0 

^-.  (1) 
(i  >- 
=<  o 


r-H 

> 

1-1 
P 
(U 


P. 


-P 


C 

(0 

o 

•H 

^-1 
■H 
C 

to 

■H 
CO 


rH 
> 


o 
t-. 

i-i. 


a' 
x: 

P 

■•-> 

P 
c 

o 

•H 

-H 

c 
*<) 

•H 


58 
Again  homogeneity  of  variance  between  stone  and  gravel  cores  prevails 
throughout »  Hence,  the  mean  squares  for  stone  and  gravel  cores  may  be 
pooled o 

Since  transverse  lines  are  significant,  there  appears  to  be  a  gain 
through  sajupling  in  transverse  lineso  Thus  the  sampling  process  becomes 
a  three-stage  sampling  problem.  The  components  of  the  analysis  of 
variance  are  presented  in  Table  27» 

TABLE  27 


Source  of 
Variation 

Degrees  of 
Freedom 

Mean 
Square 

£MS  (Expected  Value 
of  Mean  Square) 

Transversa  Lines 

k  -  1 

0.142 

ffJ^'^O,^  -  -pO^t' 

Cores  Within 
Transverse  Lines 

k(p  =.  1) 

0.029 

a^^--^^! 

Surfaces 
Within  Cores 

kp(m  *  1) 

0.034 

ai- 

variance  of  surfaces  within  cores. 


^  =.  variance  of  core  means  vdthin  transverse  lines. 
c  * 


2  ^ 

.^  s  variance  of  t.ransverse  line  means  in  universe, 
k  -  number  of  t  .-ansverse  lines, 
P  s  number  of  cores  per  transverse  line,  and 
m  "  number  of  surfaces  examined  per  coreo 
For  i  -  1,  2,  ..Q.k,  j  s  1,  2,  o..«p,  and  s  s  i^  2,  .ooomj  :j^  ^ 

represents  the  value  for  the  numbor  of  voids  per  inch  from  one  surface 

and  the  sample  mean  is: 
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k  p  m 


kpm 
vdth  the  variance  of  X: 

kpm 
From  the  analysis  of  variance.  Table  27,  O'g^  s  0o014,0g     *   m^^ 
g  O0O29,  and  0g2  ^   j^  ^2  ^  j^p^^S  ^  Q^j^ja,    With  m  e  2  and  p  s  2, 
0*^2  s  OcOOa  and  ff^^  s  0,028o     The  variance  of  X  beconiess 

o      O0OI4  _   0.008   ■  0.028 
Si    s    kpm    '^      kp    *^     k 
X 

The  (1  -  ®^)  percent  confidsnce  liniits  for  the  universe  asan  are 
X  =■  tj^  «=  ^^^'/S^x  T'^ere  t  is  on  the  degrees  of  freedom  for  the  transverse 
line  mean  square,  k  °  lo 

Tables  28a  and  28b  present  the  values  for  cfflnputing  the  confidence 
limits  for  a  confidence  level  of  95  jtercento     Also  presented  in  these 
tables  are  the  costs  of  sampling  for  the  various  combinations  of  k^  p, 
and  iBo     Again  the  costs  are  basod  on  unit  costs  of  #11,00  per  core  and 
$5*00  per  surface « 

A  tstudj  of  Tables  28a  and  28b  ^ows  that  it  is  necessary  to  take  a 
rather  large  number  of  transversa  lines  in  preference  to  several  cores 
in  a  transverse  line  or  several  surfaces  per  coreo    V/ith  p  s  i^  k  takes 
the  place  of  n  as  used  in  the  air  content  determination  when  a  study  of 
the  n\anber  of  voids  per  inch  is  made.     Then  the  variance  for  the  number 
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of  voids  per  inch  becoines: 


Sf2 
X 


0.0U-»-  0»036bi 
km 


Thus,  examinaticn  of  Tables  2^&,   25b,  25c,  26a,  and  28b  suggests 
simple  random  sampling  along  the  stretch  of  pavement  vdth  measurements 
on  one  surface  per  cc3?ee  From  the  n  cores  exsimined  the  air  content  is 


and  the  number  of  voids  per  inch  is 


with  t  having  n  -  1  degrees  of  freodomo 
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A  STUmr  OF  THE  COHREUTIOH  BETVvEEN  AIR-VOID 

CHARACXERISXIGS  AKD  THE  DURABILIT?  OF 

UBORATORY  CONCRETE  BEAMS 


Concrete  beams  which  vere  fabricated  for  us©  in  another  investiga^ . 
ticn  conducted  in  the  concrete  laboratory  of  the  Joint  Highway  Research 
Project  were  selected  for  use  in  this  studgro  These  beaina  were  chosen 
because  of  the  uae::g>lained  differences  in  durability  between  besos  froa 
the  saise  Bdx  and  between  laixes  isade  frosi  the  saise  materials  under  siiai° 
lar  conditionso 

^tej^aJ-? 

All  beams  used  in  this  study  were  w&ds  with  crushed  stone  coarse 
aggregatesB  Data  on  these  aggregates  are  preseeited  in  Table  29c  The 
six  coarse  aggregates  froa  the  sotircos  in  the  Kokoao  lis^stone  foraation 
have  poor  durability  recordse  The  source  from  the  Idstcm  Creek  foraa'^ 
tlon  has  a  good  field  performance  recordo 

T^rpe  I  Portland  cement  from  a  sin^e  clicker  batch  (Cement  312)  was 
used  in  all  ndxsso  The  ehensical  eoiaposition  and  results  of  physical 
tests  of  the  eeiaeDt  as  reported  by  the  manufacturer  are  shown  in  l^ble  30o 

The  fine  aggregate  used  in  all  mixes  was  obtained  ft^oot  a  river  ter- 
race depoi^t  of  glacial  origin  and  is  known  in  the  laboratory  ae  source 
79-lo  This  fine  aggregate  has  been  used  in  the  Joint  Highway  Research 
Project  concreted  laboratosy  for  years  as  a  standard  aaterial  and  is  con=> 
sidered  to  be  a  durable  i^terial  in  laboratory  flneeze-thaw  weatheringo 
The  bulk  saturated  suz^ace  dsj  specific  gz^vity  of  the  fine  aggre^te 
was  2o65  and  the  fineness  modulus  for  the  gradation  vras  3olOo  The  absorj>= 
tion  was  le6$  percent  by  weight o 

Darex  and  neutralized  vinsol  resin  solution  were  used  as  air- 
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TABLE   30 


CHE>nCAL  Af'AL^SIS  AND  RESULTS  OF  PHYSICAL  TKSTS  ON  CBffiKT 


Chemical 
Analypis 


Percent 
by  Wt. 


SiO- 


AI2O0 


'  e  -^t  c 


V,.-0 


Loso  of  Igniticn 

Free  ZhQ   .    .    . 


22,06 

5 .  95 

65.50 
0.96 

0.74 
0.96 


Compound  Composition 


iSO, 


xT, soluble  2ei 


toe  a   . 
Potash 


45 .  58 
28,93 

11.55 


'...29 


Physical  Tests 


fineness,    pass  ^325,   percent     96.? 


S.    A.  Wagner,    sc^.    cfr..   per 
gm. 

S.   A.  Bl?ine 

Set  Initial,   hr:   jnin. 

Final,   hr:    nin. 
N'orT.?-!  CDn3l3t»=.ncy 

Flow 

Air  Content  of  Mortar, 
percent 

Aut'r^clavc  b,xr.  ,  percent 

lensiie-  ."itrcnriitn,  r  r:  . 

1  Day 

3  Days 

7  Jays 

23  Days 

Con;jrrf-3rii  ve  Strcngt 

1  Lay 

3  Days 

7  Lays 
23  Days 


c        r-  c  1 


it3:. 


=67 


i:15 


5:15 


25.5 


no 


5.6 


212 

33o 

413 

51c 


2350 

3417 
5150 
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entraining  agentso 

Concrete  Mixes 
All  coarse  aggregates  were  vacuum  saturated  before  being  incorpor» 
ated  in  concrete  mixes  designed  for  a  water»cement  ratio  of  0<,46  by 
weight,  a  cement  factor  of  six  bags  per  cubic  yard,  and  a  slump  of  three 
to  four  incheso  The  Tuaxiimum  size  of  aggregate  «as  one  ineho  The  air 
content  of  the  ftresh  concrete  was  measiared  gravimetrieally  according  to 
AoSoToMo  Designation;  Cj138='44,  (1)  except  that  a  0<.l  cubic  foot  mea= 
sure  was  used  because  of  the  small  size  of  the  concrete  mixeso  The  eon-- 
Crete  used  for  making  the  air  eontent  determination  was  diseardedo 
"niree  concrete  beams,  3  x  4  x  16  inches,  were  made  from  each  miXo  Curing 
was  by  insoersion  in  water  for  13  days  following  removal  of  the  specimens 
from  molds  one  day  after  castingo 

Rreesdng  and  Thawing  of  Beams 
Automatic  freezing  and  thawing  equipment  was  used  for  the  freesdng 
and  thawing  of  the  beamso  Ro  Do  Walker  (2?)  has  described  this  equips 
ment  in  the  following  manner o 

Essentially,  the  equipment  consists  of  two  coD^jartments  %d.tb  a 
capacity  of  2$  beams  in  a  freezing  chamber  and  a  thaw  water  storage 
tanka  The  refrigeration  coils  ;are  around  the  perimeter  of  the  two 
eompartmentso  Uniform  air  teo^rature  is  obtained  in  the  freezing 
chamber  by  two  fans  mounted  above  the  specimenso  Immersion  heaters 
keep  the  water  in  the  storage  tanlc  at  a  constant  40^Fo  ten^ratureo 

The  air  temperattire  was  reduced  to  0°  Fo  in  about  one  hour  of 
the  freezing  cycle,  and  within  2°l/2  hours  the  centers  of  the  beams  also 
reached  0^  Fo  At  this  time,  the  thaw  water  was  circulated,  and  the 
aad>ient  tes^rature  quickly  rose  to  40®  Fo  The  centers  of  the  sped- 
iBsns  reached  40®  Fo  within  30  minuteso  After  3$  minutes  had  elapsed, 
the  water  was  puiqped  out  during  a  6  minute  period,  and  then  the 
freezing  cycle  began  againo  Approximately  seven  cycles  per  day  were 
obtainedo 

Periodic  tests  of  the  (^namic  modulus  of  elasticity  were  made  to 
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measure  the  anioiint  of  deteriorationo  In  most  cases  freezing  and  thaw°° 
ing  was  continued  until  a  decrease  in  djmamic  £  to  50  pez>eent  of  the 
original  value  occtirred  or  until  800  <qrcles  of  freezing  and  thawing  were 
completede  For  use  in  studying  the  air^void  characteristics  two  beams 
were  selected  from  each  mix-°=-the  most  durable  and  the  least  durable  o  A 
total  of  38  beams  from  19  mixes  was  studiedo 

Measurement  of  Deterioyfttion 

Durability  factors  were  used  to  express  the  durability  of  each  beam 
selected  for  measurement  of  the  air=-void  eharacteristicso  Four  different 
durability  factors  were  eon^>uted  for  each  beamo 

Durability  factors  Noo  1  and  2  were  calculated  follofidng  the  proce- 
dure given  in  AoSoToMo  Designation:  C29Q°52T  (1)  in  which 

DF  "  PN 
H 

where: 

DF  «  durability  factor  of  the  test  specimen; 

P  «  relative  dynamic  modulus  of  elasticity  at  N  cyeles,  pes*- 

cent; 

N  «  number  of  cycles  at  which  P  reaches  the  si>ecified  minimum 

value  for  discontinuing  the  test  or  the  specified  nxxmber 

of  cycles  at  iddeh  the  exposure  is  to  be  tes'minated, 

whichever  is  less;  and 

M  B  specified  nunber  of  cycles  at  tUsLeh  the  exposure  is  to  bs 

terminatedo 

Durability  factor  Noo  1  was  coii^uted  with  H  «  200  cycles  while  durabil<° 

ity  factor  Noo  2  was  confuted  with  M  •»  300.  cyeleso 

Durability  factors  Noo  3  and  U  were  computed  following  the  proce^ 
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dure  suggested  by  Stanton  Walker  (28) ,  the  loethod  for  which  Is  shovm 
graphically  in  Figu2>e  5°  I'^s  durability  factor  may  be  defined  as  the 
area  under  the  curve  to  the  left  of  the  nth  cyelo  and  aboye  the  50  per» 
cent  dyoaale  £  line,  expressed  as  a  percentage  of  the  total  area  to  the 
left  of  the  nth  cycle  and  above  the  50  percent  dynamic  E  lineo  For 
durability  factor  Noo  Sj  n  -  200  cycles  and  for  Noo  4,  n  «•  300  cycleso 

Table  31  gives  the  values  of  the  fotir  different  durability  factors 
which  were  coi^juted  for  each  of  the  38  beams  included  in  this  investiga°° 
tiono 

Fonnnlaa  Used  for  the  Computation  of  Air°Void 
Characteristics 
The  air^void  characteristics  which  were  investigated  for  corpela=> 
tion  with  durability  weres 

A  s  air  content,  total  volume  of  voids  per  xinit  volume  of 

concrete,  persent, 
n  B  number  of  voids  intersected  per  unit  length  of  traverse, 

voids  per  inch, 
oC<»  the  specific  surface  of  the  air  voids,  the  surface  area 

of  the  voids  per  unit  volume  of  air,  square  inches  per 

cubic  inch, 
H  "  nuntber  of  hypothetical  sxiiercs  having  radius  r^  that  would 

equal  the  actual  air  con&onb  of  the  concrete,  voids  per 

cubic  inch,  and 
L  B  spacing  factor,  distance  from  void  boundary  to  outer  boun-= 

dary  of  sphere  of  influence,  ineheso 
Two  of  the  characteristics,  A  and  n,  were  measured  directly  with 
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TABLE  31 
DURABILITY  CF  LA3CRAT0RY  COK CRETE  BEAMS 


Agyregf-  te 

Loboratory 

Air  Content, 

5e;-n, 

Durabilit 

y  Factors 

I'C  signal  ion 

Mix 

as  Measured  on 
?'resh  Cv-.ncrete 

Designation 

3 

4 

^1 

33-A2 

h.j 

A2i 

102 

10 ;: 

100 

100 

A22 

99 

100 

V9 

100 

3?-A3 

3.f5 

A31 

3^ 

23 

52 

34 

A3:. 

32 

22 

34 

23 

A^ 

33-51 

3.6 

:-  ■ 

92 

65 

90 

87 

bi2 

28 

18 

^n 

18 

33-B2 

4.7 

B21 

97 

96 

97 

96 

B23 

ko 

30 

58 

39 

33-33 

3.0 

331 

19 

13. 

26 

17 

B32 

Id 

11 

23 

15 

A-:. 

33-Ci 

if. 4 

Cil 

96 

94 

96 

94 

013 

87 

50 

91 

75 

53-C3 

3.8 

C31 

'50 

40 

61 

44 

C32 

90 

80 

B7 

82 

h 

3A-2 

4.^ 

422 

51 

3h 

62 

41 

/+23 

81 

48 

85 

62 

3'*- 3 

3.5 

U'i2 

47 

32 

60 

40 

i33 

100 

i02 

lao- 

IJO 

lU-k 

■i    r. 

ui 

17 

12 

19 

12 

442 

35 

23 

38 

25 

Ar, 

SA-i 

3.L 

SAll 

73 

55 

m 

66 

SA13 

99 

100 

99 

100 

SA-2 

4.7 

SA21 

94 

93 

94 

92 

• 

5;A23 

98 

97 

95 

95 

SA-3 

^.7 

SA32 

37 

67 

90 

78 

95 

95 

92 

92 

TABLL  ji — Continued 


Aggrej-Pte   Laboratory    Air  Content      Beam     Darebllity  Fsctors 

)esign6tion     Kix      as  Measured  on  Designation  

Designation  Fresh  Concrete  12"^' 


A^         rs-i  «V.9  SB  11     100  100  100  100 

SH-2  6.2 

SB- 3  3.9 

3B-5  7.5 


SB  12 

99 

(,.-> 

C'f 

■'-'  " 

SB  21 
SH22 

74 
57 

m9 
35 

83 

57 

SB31 
SB33 

50 
36 

33 
2A 

57 
3B 

3S 
25 

Srul 
S3i.3 

'+8 
35 

32 
23 

62 
45 

41 
30 

SB  5  2 
3253 

97 
2-^ 

8? 
19 

97 

52 

87 
3? 

711 
712 

101 
101 

lOZ* 
I'JA 

100 
100 

100 
100 

<htO 


the  linear  traverse  integi^toro  The  x^maining  three  were  computed  from 
these  two  ateasurexoents  with  the  paste  content  being  introduced  in  the 
eosiputation  of  the  spacing  factors 

The  equations  that  were  used  for  the  cosi^utation  of  o<  «  N,  and  L 
were  presented  along  with  their  development  in  the  paper  "The  Air  Require- 
ment  of  Frost^esistant  Concrete"  by  T.  C«  Powers  (19)  and  a  discussion 
of  the  same  paper  by  To  F«  Willis  (31)  • 

To  Fe  Willis  (31)  showed  that  regardless  of  the  size  distribution 

of  the  voids  the  true  specific  surface  of  the  voids  is  given  by  the 

equations   o(«  f^  „ 
A 

N  and  L  are  obtained  by  assuming  that  the  voids  are  equal-size 

spheres  with  each  sphere  having  the  same  speeifie  surface  as  the  measured 

specific  surfaeeo  Poifers  (19)  and  Willis  (31)  show  that  the  radius  r^ 

of  this  hypothetical  sphere  is  equal  to  ^  or  2^1  where: 

1  "  the  asdthzistie  nusan  of  the  measured  chord  intercept So 
The  hypothetical  number  of  spheres,  N,  cay  be  eoa^juted  from  the  follow- 

ing  formula: 

M  «     A     «     A     «  Ae<.^ 

3     ,   ,  3    36if 
4n  3, 


3  3 

Thus  the  ec»aptttation  of  N  and  L  is  based  on  a  )^npotheti@al  system  of  uni^ 
form-sized  spheres  having  the  same  volume  of  air  pet  tiait  volume  of  eon=» 
Crete  and  the  s&sss   specific  surface  as  the  system  of  random  sized  voids 
^L   for  which  A  and  n  are  measuredo 

^r  To  eoiiqpute  the  void  spacing  factor  for  the  hypothetical  void  ^rs° 

^b  tern,  each  sphere  is  considered  to  be  at  the  center  of  a  cube  with  the 
^B^sum  of  the  volumes  of  all  such  cubes  and  the  enclosed  spheres  equaling 
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the  QOHsbined  air  and  paste  content  of  the  concrete.  The  "sphere  of  in=' 
fluence"  of  each  void  is  the  radius  of  the  sphere  circumscribing  the 
hypothetical  eubeo  The  spheres  ^Ll  overlap  eaicept  at  the  comers  of  the 
cubeso  The  radius  of  the  sphere  of  influence  is  eqtjal  to  ons^half  the 

diagorial  of  the  cxibeo 

1!he  voluDse  of  a  single  hypothetical  cube  is  P  *  ^    wh©3?e  p  »  paste 

H 

@ontent;  stM  of  voluses  of  water  and  cesient  per  unit  volome  of  eoneretee 

Hence,  the  length  of  one  edge  of  the  h^rpothetieal  cube  is  ,fP  *  ^  )  '  o 

^    N 

Andg 

where  ^^  «  radius  of  eircuz&sexdbed  sphere 5  the  "sphere  of  influeneeo" 

The  spacing  factor  L  is  equal  to  the  difference  between  the  radium 
of  the  si^ero  of  influence  r^^  and  the  rac^us  of  the  sphere  T^^t    that  is 9 

SfeaswesffiKt  of  A  arnd  n 
Four  operators  t^ere  used  to  i^ake  the  measurements  of  A  and  n  on  the 
38  beams  for  tthich  durability  factors  vrere  detes^ainedo  S^cm  a  stu<^  of 
the  date  on  surfaces  ^hicb  had  been  sieasured  by  the  ^iriter  it  ^^3   sou- 
eluded  that  the  ataxisa'am  difference  in  the  value  obi^ned  for  A  by-  msB.^ 
suressents  on  different  surfaces  from  the  same  beaia  could  be  estimated 
to  be  tOo§  percsnto  In  order  to  adniaiize  the  effect  of  using  sore  tlian 
one  operator,  each  operator  t^as  required  to  etu(^  surfaces  laeasured  by 

the  tiiriter  until  he  was  able  to  obtain  values  within  tOoS  percent  and 
*0o5  void  per  inch  of  the  values  obtained  for  A  and  n,  respectively,  Iqr 

the  writer  for  the  sasie  surfaceo  Then  a  particular  surface  was  selected 
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as  a  standard  and  at  the  beginning  and  at  definite  intervals  msasure^^ 
ments  were  repeated  on  this  surface  by  each  operator  as  a  control  on  his 
Mforko 

To  further  reduce  the  effect  of  using  different  operators,  one 
operator  observed  ens  surface  while  another  operator  observed  the  oi;her 
surface  from  the  same  beasjio  Also,  the  beams  from  a  particular  mix  were 
observed  by  the  sasse  two  operators  xd.th  each  making  the  observations  on 
one  surface  of  each  beaiso 

Values  of  A  and  n  for  the  3S  beams  observed  in  this  study  are  tabu- 
lated in  f&ble  32o 

Coggpntatlop  o£  Air°7oid  Characteristics 
Included  in  l^ble  32  eye  the  oc«i?)ufced  values  for©C,  N,  and  Lo 
Beam  A22  is  used  as  a  typical  escas^le  in  the  computation  of  the  ais^vold 
characteristics  which  follows: 

A  «  4.9  n  ■  9«1         P  «  0o266 

Average  distance  across  voids,  X  «  ^  *  ^"^^9 

n    9ol 

1  -  0.00539  inch 

Hypothetical  sphere  radius,  x^  «  Ij  "^  ^(Oo 00539) 

4  h 

?fj    »    0.00404  ineh 

Specif ie  surface,  qC   "  ^    *    ki%Xl 

A  0oQ49 

^  ^    743  sq.  ine/eufaie  inch 

Hypothetical  number  of  spheres,  SJ    «    ^^     «  C743p0o0&9 

36       3& 

N  «  177,500  voids  per  cubic  inch 

Badius  of  circumscribed  sphere,  ?_  «  ^  fP  *  ^  J^f^    «Jf  fO,26d  *  0.049 

2     N        2   177,500 
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Tn,  -    Oo  01052  inch 
Void  spacing  factor,     L    «    sfm  "=  Jf^j    "    0,01052  -  Oo0040i^ 

L    »    Oc006i!^  incho 

Correlation  Studies 

In  this  study  the  durability  of  a  given  beam  was  affected  by  a  nuic- 
be?  of  variables  in  addition  to  the  air°void  characteristieso  In  parti- 
cular, the  coarse  aggregate  alone  @ould  be  expected  to  produce  consider^* 
able  differences  in  durability  ainong  the  beams,  since  six  of  the  coarse 
aggregates  were  from  sources  with  poor  durability  recordso  For  a  single 
concrete  rsAx  there  is  a  given  number  of  deleterious  particles,  and  there 
are  an  infinite  number  of  combinations  in  which  these  particles  nsay  be 
distributed  in  beams  nade  from  the  mixo  Thus,  even  within  a  mix  large 
variations  in  durability  could  exist  as  a  result  of  differences  in  the 
combinations  of  deleterious  particles  in  the  beamso  Other  variables  such 
as  efficiency  of  vacuum  sattiration,  atmospheric  tempez^txire,  skill  of 
labor,  and  location  of  beams  within  the  freezer  could  have  an  effect  on 
the  durabilityo 

The  principle  objective  of  the  study  of  the  beams  fabricated  in  the 
laboratory  was  to  determine  the  relative  in^rtance  of  the  five  air-void 
characteristics  in  produ@ing  diu^ble  eoncretso  With  the  large  differences 
in  durability  ^riiieh  could  be  introduced  by  the  coarse-aggregate  variable 
no  effort  shotild  be  made  to  predict  duxability  from  air-void  characteris- 
tics aloneo  For  that  purpose  special  efforts  should  be  made  to  control 
all  vaxdables  other  than  the  air=void  characteristieso  Since  the  effect 
of  entrained  air  on  the  durability  may  be  different  when  different  aggjce- 
gates  are  tised,  it  is  believed  that  by  introducing  the  coarse  aggregate 
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as  a  variable  the  resvtlts  of  the  stiidy  have  a  wider  applieationo 

Hence,  the  beams  examined  in  this  study  were  regarded  as  a  sample 
randomly  selected  from  a  \iniverse  of  beams  in  which  variables  other  than 
the  entrained  air  existo  "Rte  correlation  technique  vas  used  to  study 
the  various  eonibinations  of  durability  factors  and  air°-void  characterise 
tieso  Because  of  the  isoarse^^ggregate  variable,  extremely  high  correla- 
tion coefficients  woiild  not  be  sxpeetedo 

Linear  Correlation^^Individual  Beams 
First,  the  beams  were  considered  as  a  sample  trcm.  a  population  of 
beams  without  regard  to  their  individual  constituents  or  fabricationo 
The  scatter  diagrams  using  durability  factor  Noo  3  >*ith  each  of  the  five 
air<=-void  characteristics  are  shown  in  Figures  6  through  lOo  The  scatter 
diagrams  using  the  other  durability  factors  are  presented  in  the  Appendixo 

Althou^  it  is  possible  that  some  curve  other  than  a  strai^t  line 
would  give  a  higher  correlation  between  durability  and  a  given  air-void 
characteristic 9  it  is  believed  that  for  the  purpose  of  this  study  a 
straight  line  fitted  by  the  least^squares  method  is  satiefactorys  A 
sample  set  of  computations  using  the  data  for  diirability  factor  Noo  3 
and  the  spacing  factor^  L,  is  presented  in  Table  33o  In  these  oompnta-^ 
tions  the  correlation  coefficient,  r,  the  slope,  b,  and  the  regression 
line  for  durability  factor  on  spacing  factor  are  determinedo  Also  the 
t^^value  for  testing  the  significance  of  the  correlation  coefficient  is 
computedo  The  formula  for  t  was  taken  from  page  88  of  Statistical  Theory 
An  Research  by  Anderson  and  Bancroft  (2)o 

The  results  of  the  confutations  for  the  twenty  combinations  of  air* 
void  characteristics  and  durability  factors  are  summarized  in  Table  34° 


79 


_J 

CD 
< 

.^  Q. 
O 


UJ 
CO 

z 
o 

<I 

_l 
UJ 


< 

CD 

< 

O  uZ 

cr 

UJ 

I- 

< 
O 

cn 


tr 

Q. 

9 

o 
> 


rO 


O 

O 
< 


£0N  dOiov4N  yoiovj  Ainiavbna 


1 


>- 

1- 

3 

- 

S 

I     - 

<l 

(£ 

■D 

X 

o<n 

to 

z^ 

IC 

St 

4 

^ 

Ul  K 

'^J- 

— 

IS 

<1^ 

o 

So 

*~- 

S  f 

n 

(L 

o- 

§9 

c 

\ 

o 

* 

§5 

c 

\ 

-"  Q        ■ 

\ 

9 

o 

o 

9 

0 

\      ° 

8 

e 

in  z 

\°     ° 

2 

o         c 

\ 

o 

o* 

<  a 

V 

E  O 

\  . 

o  *- 

\ 

<  o 

\ 

-  < 

\ 

a  iZ 

\ 

cc 

\ 

UJ 

\ 

i- 

^ 

1- 

\ 

4 

\ 

O 

o 

o 

o 

O 

o        c 

in 

o 

<D 

10 

* 

CVJ 

m 

H 

t: 

111 

1- 

ID 

7. 

O 

o 

(T 

< 

1- 

?• 

^  UJ 

<1 

(£ 

ir 

UJ 

O 

Z 

o 

o 

o 

(£ 

o 

< 

t'ON  boiovj  xiniavana 


£  ON  BOiovj  Ainiavana 


£  ON  aoiovd  Ainiavana 


80 


V 


^  ON  aoiovd  Ainiavbna 


_J 
< 

O 


1- 
hl 

LlJ 

m 

o 

rr 

J. 

n 

tn 

7" 

n 

O 

o 

1- 

> 

< 

1 

CJ 

Ijl 

z 

CE 

< 

U. 

lO 

O 

d 

01 

z 

5 
< 

o 
< 

cr 
o 

Q 

rr 

iij 

\- 

\- 

< 

(1 

U5 

X 


<3- 

/ 

s 

^  "' 

d 

o 

0  / 

o 

I  <" 

1 

< 

/     ° 

0 

o 

5 

Mi 

(M 

° 

/ 

o 

-  y 

O- 

/ 

° 

o 

o  > 

0 

/ 

o 

o 

O    2 

o 

o 

/ 

/ 

—  o 

(p<fe 

,/ 

/ 

° 

o 

o 

1- 

0 

/ 

.  u: 

^ 

0 

K 

°  / 

0 

s 

g^ 

/ 

9 

o   3 

/o 

o 
o 
o 

S    ID 

< 

o 

"o 

o 

O 

O 

O 

U. 

O 

CO 

ID 

t 

CJ 

.    coNHOinvd  AJniavuno 


f  ON  yoiovj  Aiiiievana 


81 

TABLE  33 


;:XAMPLE  OF  CCKFLiTATIOK  OF  CORRELATION 
COEFFICIEuT— LINSAS  CORRELATION 


Y  =  Duraoilitv  Factor  No.  3 

X  =  Spacing  Factor,  L,  (0.0001  inch) 
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The  significance  of  the  observed  t  for  n°2  degrees  of  freedom  is  Indi-^ 
cated  in  the  table  as  well  as  the  percentage  of  the  -variation  in  dura=^ 
bility  which  is  explained  hy  the  regression  line<>  The  regression  lines 
have  been  plotted  on  the  scatter  diagramso 

Linear  Correlations-Average  Values  for  Each  Mix 
In  order  to  study  correlation  between  durability  and  air^void  «jhar= 
acteristies  on  a  mix  basis  an  analysis  was  sade  using  the  average  values 
for  each  mixo  Table  34  shows  that  in  the  case  of  each  air=void  charae- 
teristic  the  highest  correlation  coefficient  was  obtained  using  dura=> 
bility  factor  Noo  3;  therefore,  for  the  stxidy  using  average  values  for 
each  mix  it  was  decided  to  use  only  this  durability  faetor<>  Since 
freeze^^nd^thaw  data  were  available  on  three  beams  fr^&  each  mix,  the 
durability  factor  for  each  mix  was  taken  as  the  average  of  the  three 
beamso  Durability  factor  Noo  3  for  the  third  beam  in  each  mix  is  given 
in  Table  35° 

Average  values  for  the  durability  factor  and  air="Void  eharacteris= 
tics  for  each  mix  are  given  in  Table  36o  The  value  for  the  durability 
factor  for  a  given  mix  is  the  average  of  the  values  for  the  third  beam 
which  is  given  in  Table  35,  and  for  the  first  two  beams  which  are  given 
in  Table  31o  However,  the  value  for  each  alr=void  characteristic  is  the 
average  for  the  two  beams  frooi  the  given  mix  in  Table  32o  The  scatter 
diagrams  using  durability  factor  Noo  3  with  each  air^void  ebaracteristie 
are  shown  in  Figures  11  throu^  15o 

The  same  procedure  was  followed  for  the  computation  of  slopes,  eor= 
relation  coefficients,  and  regression  lines  as  that  used  in  the  indivi- 
dual beam  stuc<yo  The  results  are  sumnarized  in  Table  37o 
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DfJMBILITY  FACTOR  NC.    3  TOR  THE  THIRD  BEAM  IK  EACH  MIX 
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Discussion  of  Correlation  Studies 

The  graphs  of  durability  factor  Noo  3  plotted  against  the  five  air= 
void  characteristics  (Figures  6  through  15)  shoH  considerable  scattero 
Seme  of  this  scatter  would  be  expected  to  result  fr<Mn  the  coarse-aggregate 
variableo  Inspection  of  the  scatter  diagrams  alone  woiild  lead  one  to 
conclude  that  little  correlation  exists  between  the  total  air  content  and 
durability  for  the  beams  examined  in  this  studyo  In  the  past  the  total 
air  content  has  been  the  air==void  characteristic  most  used  in  detemdji^ 
ing  the  air  requirements  for  frost-resistant  concreteo 

The  graphs  plotted  with  average  values  for  each  mix  show  less  scat- 
ter than  the  graphs  plotted  with  the  values  for  the  individual  beamso 
This  results  fyom  eliminating  the  large  differences  in  durability  be- 
tween beafiis  within  the  same  ndx  by  means  of  averaging  the  individual 
valueso  A  large  amount  of  this  difference  in  durability  vdthin  a  Eds 
can  be  attributed  to  the  coarse  aggregate  in  that  differences  in  the  ©om= 
binations  of  deleterious  particles  in  the  beams  results  in  variations  in 
durabilityo 

The  air=void  characteristics  (specific  surface  and  spacing  factor) 
tidiich  are  cocputed  fr<^  equations  containing  both  air  content  and  nucnber 
of  voids  per  inch  show  the  smallest  amoiznt  of  scatter«  This  indi<;ates 
the  ia^rtanee  of  the  interaction  of  these  two-characteristics  in  pro=p 
dncing  duz^ble  concreteo 

Inspection  of  Tables  3k  and  37,  also,  shows  the  is^tortance  of  the 
interaction  of  air  content  and  number  of  voids  per  inch  in  produefjag 
durable  concreteo  The  specific  suv>faee  and  void  spacing  factor  gave  con- 
siderably higher  correlation  coefficients  than  the  other  three  character^ 
istieso  The  correlation  between  each  of  these  two  charactexdstics  and 
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the  four  durability  factors  are  shoiim  to  be  highly  significant  at  the 
99o75  percent  confidence  Icvelo  For  example,  from  Table  34 »  using  dura- 
bility factor  Noo  3  it  can  be  seen  that  41  percent  of  the  differences  in 
durability  can  be  attribrited  to  differences  in  the  specific  sxirface, 
while  44  percent  of  the  differences  in  durability  can  be  attributed  to 
differences  in  spacing  factorc  These  percentages  are  increased  to  ?6 
percent  and  6l  percent,  respectively,  ^en  the  average  values  for  a  ndx 
are  usedo 

The  hi^est  correlation  coefficients  are  obtained  using  durability 
factor  Noo  3o  Durability  factor  Noo  3  is  defined  as  the  area  under  the 
empve  (djniamic  E  as  a  percent  of  the  original  E  plotted  against  cycles  of 
fS*eezing  and  thaving)  to  the  left  of  the  200th  cycle  and  above  the  50 
percent  dynamic  E  line,  expressed  as  a  percentage  of  the  total  ar«a  to 
the  left  of  the  200th  ^ele  and  above  the  50  percent  dynaodc  E  linee 
This  particular  durability  factor  gives  higher  values  for  durability  as 
well  as  si&aller  differences  in  durability  between  beamso  This  indicates 
that  methods  of  measurement  of  durability  which  tend  to  classify  concrete 
into  only  two  groups—=eithQr  durable  or  non-durable=-=without  intermediate 
values,  are  not  as  satisfactory  for  correlation  studies  as  methods  which 
measure  differences  in  durability  in  email  inerementso 

Although  there  may  be  a  better  t«^  to  express  the  size  and  distribu^ 
tlon  of  the  air  voids  in  portland  cement  paste  than  the  sii^cing  factor 
used  in  this  study,  the  results  of  the  correlation  studies  essentially 
substantiate  the  accepted  theory  on  the  action  of  entrained  air  in  pro= 
ducing  frost-resistant  concrete? 
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SUMMART  OF  RESULTS 

The  results  of  the  work  Completed  in  this  investigation  va&y  be  sum° 
marized  in  the  following  mannero 

lo  The  measurement  by  the  linear  traverse  technique  of  the  air  con<= 
tent  and  number  of  voids  per  inch  of  a  particular  beam  may  be  considered 
as  one  long  traverse  vdthout  regard  to  the  position  or  length  of  the  in<=" 
dividual  traverseso  The  standard  error  of  the  mean  is  approximately  the 
same  (Oo3  for  the  beams  examined  in  this  study)  whether  four=,  si3E=>, 
eighth,  or  ten<=>inch  traverses  are  used  as  long  as  the  total  length  of 
the  traverses  is  the  sameo 

2e     For  the  beams  and  cores  examined  in  this  study,  the  selection 
of  200  inches  of  traverses  gave  values  for  the  air  content  within  tOo5 
percent  of  the  true  value  and  the  number  of  voids  per  5Lnch  within  tOo5 
void  per  inch  of  the  true  value  at  the  90  percent  confidence  levelo 

3o  The  time  required  to  polish  one  surface  and  observe  one  hundred 
inches  of  traverses  on  that  surface  was  approximately  four  hourso 

4o  The  concrete  pavements  constructed  without  the  puarposeful  en°° 
trainment  of  air  showed  an  average  air  content  of  2o0  percent  for  the 
pavement  with  crushed  limestone  for  coarse  aggregate  and  an  average  air 
content  of  lo?  percent  for  the  paveiaent  with  glacial  gravel  for  coarse 
aggregateo  For  both  tjrpes  of  pavement  the  average  value  for  the  nxxaSaer 
of  voids  per  inch  was  found  to  be  0o8o 

5o  The  analysis  of  variance  indicated  that  neither  the  air  content 
nor  the  number  of  voids  per  inch  for  the  pavement  constructed  with  crushed 
limestone  was  significantly  different  from  the  corresponding  value  for 
the  pavement  constructed  with  glacial  gravel  for  coarse  aggregateo 
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60  A  study  of  the  core  data  with  regard  to  the  development  of  a 
sanipling  plan  for  pavements  suggested  simple  random  sampling  along  the 
stretch  of  pavement  vdth  njeasurements  being  made  on  ore  surface  per  coreo 
For  pavements  sijnilar  to  those  examined  in  this  study,  n  cor«s  should 
give  the  air  content  as 

it    t  [9^    5 
V  ^ 

and,  the  number  of  voids  per  inch  as 

^th  t  having  n  =>  1  degree  of  freedoEo 

?o  The  correlation  studies  of  the  relationship  between  each  of  the 
five  air-void  characteristics  and  durability  indicated  the  void  spacing 
factor  to  be  the  siost  highly  correlated  \ii.th  durability  factor*  Using 
durability  factor  Koo  3  and  data  on  individual  beams ^  44  percent  of  the 
differences  in  durability  could  be  explained  by  differences  in  the  void 
spacing  factoro  Using  average  values  for  each  misc,  6I  percent  of  the 
differences  in  durability  could  be  explained  by  differences  in  the  void 
spacing  faetoro 

B--     The  speslfie  surface  wes  alisost  as  highly  correlated  with  dura= 
bility  as  the  void  spacing  factor  with  41  fs^®®!^*-  of  the  variation  in 
durability  factor  Koo  3  being  explained  by  the  dif feren@es  in  the  specie 
fie  surface  when  the  data  on  the  individual  beams  was  usedo  Using  aver= 
age  values  for  each  mix  §6  percent  of  the  variation  in  durability  factor 
Koo  3  could  be  explained  by  differences  in  the  specific  surfaceo 

9°  The  five  air=void  characteristics  ranked  in  the  order  of  thaig" 
conflation  with  diwability  begirjfsing  with  the  one  showing  the  best  cor= 
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relation  arej  (a)  spacing  faetorj  (b)  specific  siirface,  (c)  nTimbsj*  of 
voids  per  inch,  (d)  hypothetical  ntunber  of  voids  per  cubic  inch,  and 
(e)  total  air  contents 
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CONCLUSIONS 

Based  on  the  results  of  this  study^  the  following  conclusions  sees 
reaBonabloo 

lo  The  linear  traverse  technique  is  a  satisfactory  and  reliable 
isethod  for  det-eradning  the  air  content  and  number  of  ■woids  per  inch  of 
hardened  concrete  when  employed  l^  a  properly  trained  technician,. 

2©  Sinee  neither  the  air  content  nor  the  number  of  voids  per  ineh 
for  the  pavement  constructed  with  crushed  limestone  was  significantly 
different  from  the  corresponding  value  for  the  pavement  construe'ied  with 
glacial  gravel  J  it  may  be  concluded  that  the  differences  in  field  perfoi»=' 
asanee  of  these  pavements  were  not  due  to  differences  in  the  entrapped 
airo 

3o  For  th,e  sampling  of  concrete  pavsa^nts  the  study  of  tha  varia= 
bility  of  the  air  content  and  nuiiiber  of  voids  per  ineh  suggests  simple 
random  sampling  along  the  stretch  of  pavement  with  measurements  being 
made  on  one  siirface  per  corec 

4e  "Hie  accepted  theoretical  explanation  of  the  action  of  entrained 
air  in  producing  frost=resistant  concrete  demonstrates  the  importance  of 
the  size  and  distribution  of  the  air  voids*  The  correlation  studies  of 
the  relationship  betvreen  each  of  the  air=void  characteristics  and  dus®"= 
bility  show  the  void  spacing  factor  to  be  the  most  highly  correlated  with 
durability  factoro  Thus,  this  investigation  essentially  substantiates 
the  theoiyo 

5o  Sins©  the  specifie  surface  was  almost  as  higjily  correlated  with 
durability  factor  as  the  void  spacing  factor,  either  of  these  two  charac- 
teristies  is  probably  a  satisfactory  guide  for  determining  the  air  re= 
quirements  for  f roster© si stant  concrete o 
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